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ABSTRACT 
This report covers the effort expended by the Chrysler Corporation Space 
Division under Contract NAS8-21385 covering the study, development, and design 
of a gravity substitute workbench using both the electrostatic and the aerodynamic 
principles; and also the fabrication and testing of flight configurations of the elec- 
trostatic workbench for use in the Skylab program. 
Although all aspects of safety (such as ozone, X-ray, and ultraviolet) were 
not proven, i t  was demonstrated that injurious electrical shock could not be ex- 
perienced in using this equipment. However, the operator should be furnished 
with a suitable grounding strap to preclude experiencing an occasional mild shock 
that can occur under certain conditions, 
The design w a s  proven by functional and environmental testing to be satis- 
factory. Some erratic results, however, were noted in the electroadhesive forces 
obtained. Further study, development, and’ testing i s  recommended to achieve 
optimum and consistent results. 
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Section 1 
SUMMARY 
1.1 INTRODUCTION 
This report summarizes the results of effort expended by Chrysler Corpora- 
tion Space Division on the study, development and design of a gravity substitute 
workbench utilizing both the electrostatic and the aerodynamic principles; and also 
the fabrication and testing of flight configurations of the electrostatic workbench for 
use in the Skylab program. This program w a s  funded under Contract NAS8-21385. 
1.1.1 Background 
It  has been recognized for some time that the zero-g environment of an orbit- 
ing space station could offer many disadvantages as well  as some advantages when 
assembly o r  maintenance work must be accomplished. Operations involving hand 
tools and small parts of intricate assemblies would be particularly troublesome 
since the astronaut’s attention to the task at hand would be distracted by the need 
to secure these tools and parts. 
Forces which may be employed in a work station facility to simulate gravity 
are centrifugal, magnetic, electromagnetic, and adhesive. These substitutes are 
somewhat limited in that they may involve excessive weight o r  power penalties, or  
would only be effective for magnetic objects, or might not be suitable for long-term 
space use. During the early planning for candidate experiments to be flown on the 
Apollo Applications Program Orbiting Workshop ( now Skylab), it was decided that 
aerodynamic and electrostatic forces might offer advantages which could be develop- 
ed into practical workbench designs. A study contract for the Aerodynamic Work- 
bench concept was  awarded to Nortronics-Huntsville in 1967 and resulted in the 
establishment of preliminary design criteria and the procurement of impellers, 
motors, and speed controls. A somewhat similar contract, but without hardware 
procurement, was  awarded to Chrysler Corporation Space Division in June 1968 for 
the Electrostatic Workbench concept. This award w a s  based upon Chrysler’s pre- 
vious work in electrostatics and development of the “electroadhesor” in 1966. In 
the meantime the Gravity Substitute Workbench Experiment M507 w a s  established 
under the sponsorship of NASA-OMSF with MSFC as the Payload Integration Center. 
The Experiment Implementation Plan was issued on July 5, 1968 to summarize the 
criteria and planning information as of that time for both workbench concepts. 
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1.1.2 Contract Scope 
A contract (NAS8-21385) was written to cover the initial scope of work 
( Phase I - Study) and has since been modified by supplementary agreement to 
broaden the scope a s  progress was made and funding could be authorized. The 
original contract ( NAS8-21385) was to conduct a predesign investigation consist- 
ing of mathematical analyses, studies, and experimentation necessary to establish 
cri teria for use in the formal design and reliability analysis of an electrostatic 
workbench, thereby insuring the safety and usefulness of this method of gravity 
substitution. The original contract, awarded June 4, 1968, is known as Phase I 
- Study. Subsequent modifications to the basic contract were as follows: 
a. Modifications 1 through 4 consisted of minor revisions to contract lan- 
guage and extensions to the period of performance. 
b. Modification 5 impacted both the Electrostatic and the Aerodynamic 
Workbench. 
1) Electrostatic Workbench. Utilize the cri teria developed under 
Phase I to document the design of a safe and useful gravity substitute. 
The working surface had to be circular and interface with the working 
surface of the Aerodynamic Workbench. 
2) Aerodynamic Workbench. Utilize the design criteria and configura- 
tion developed by MSFC to document the design of a safe and useful 
gravity substitute having a 24-inch diameter working surface, 
A preliminary design of both workbenches was to be developed and 
approved prior to documenting the formal design. It was awarded 
May 26, 1969 and is known a s  Phase I1 - Design. 
c. Modification 6 covered fabrication and testing of an engineering prototype 
of the electrostatic workbench a s  a development tool in establishing the 
formal design. This modification was awarded on August 12, 1969 and is 
known as  Phase IIA - Engineering Prototype. 
d. Modification 7 was to fabricate and deliver three Electrostatic Gravity 
Substitute Workbenches and perform the following tasks : qualification 
testing; configuration management; preparation of a procedure for opera- 
tion, maintenance, and handling; end item support requirements definition; 
and design and fabrication of shipping and storage containers. In addition, 
engineering support for the Aerodynamic Workbench was included. It was  
awarded on November 14, 1969 and known as Phase 111 - Fabrication and 
Qualification. 
e. Modification 8 provided CCSD with certain items of G F P  material and was 
issued January 5, 1970. 
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f. Modification 9 extended the period of performance from October 15, 1970 
to November 18, 1970 and increased estimated cost. It w a s  awarded 
June 8, 1970. 
g. Modification 10 extended the period of performance from November 18, 1970 
to December 7, 1970 and was issued on September 2, 1970. 
h. Modification 11 extended the period of performance from December 7, 1970 
to December 21, 1970. 
i. Modification 12 established final G&A rate for CY1968. 
j .  Modification 13 extended the period of performance from December 21, 1970 
to January 31, 1971. 
1 . 1 . 3  Report Scope 
The effort expended under the Phase 1 - Study scope ( paragraph 1 .1 .2 )  was 
documented in the “Final Report - Phase 1 - Study of An Electrostatic Zero-Gravity 
Workbench Prototype”, dated April 23, 1969; therefore, the Phase I work will not 
be documented in this report except that the conclusions and recommendations may 
be mentioned where they relate to the total contract scope. The discussion portion 
of this report will have three main subdivisions corresponding to Phase 11 - Design, 
Phase IIA - Engineering Prototype, and Phase III - Fabrication and Qualification, 
a s  outlined in paragraph 1 . 1 . 2  c, d and e. 
1 . 2  OBJECT 
The object of the work covered by this final report was fourfold: 
a. Develop and document a design for an Electrostatic Gravity Substitute 
Workbench as  a safe and useful experiment in Skylab. 
b. Develop and document a design for an Aerodynamic Gravity Substitute 
Workbench a s  a safe and useful experiment in Skylab. 
c. Fabricate and test  an engineering prototype of the Electrostatic Work- 
bench a s  a development tool for the design task. 
d. Fabricate and deliver three Electrostatic Workbenches in accordance 
with the documentation produced in the design phase. One of these units 
is  to be qualification tested. 
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1.3 CONCLUSIONS 
Conclusions based upon the effort described in this report axe a s  follows: 
a. 
b. 
C. 
d.  
e. 
The basic power supply design i s  satisfactory for the intended use. No  
failures were encountered due to exposure to the environments of the 
qualification test ( a s  reported in appendix C) a s  evidenced by the con- 
sistent presence of electrostatic voltage at the ion shield cover. 
Structural integrity of ion shield, support bracket system, and the table 
top storage provisions was demonstrated during the qualification tests. 
Safety from the standpoint of injurious electrical shock to the operator 
has been demonstrated. A mild shock which can be experienced under 
some conditions is  undesirable and would impair the operator’s concen- 
tration. This can be eliminated by the use of a suitably grounded w r i s t  
o r  ankle strap. 
Although no attempt has been made to define a ‘‘useful force”, the rela- 
tively small electro-attractive force available would be of benefit to an 
astronaut in a zero-g environment. In terms of earth gravity, the elec- 
troadhesive forces on a machine sc rew correspond to 1.4g and 0.23 g 
depending upon orientation and a re  considered to be significant. See 
paragraph 2.2.5. 
Inconsistent and, at times, negligible force measurements were noted 
during portions of both prototype unit tests and qualification unit tests. 
Attempts to overcome these conditions appeared to be successful on the 
prototype unit but other anomalies became evident during the qualification 
testing. Additional factors are  involved in these anomalies which are not 
completely understood at this time. 
1.4 RECOMMENDATIONS 
The work accomplished under this contract clearly indicates that electro- 
statics ( and its application to the work station) has some unique advantages in a 
zero-g environment. However, the incidents and findings reported under para- 
graph 2.3.5 are  evidence that the full potential has not yet been achieved; therefore, 
CCSD recommends that additional effort be expended a s  follows: 
a. A more rigorous study of the theoretical phenomena leading to the more 
efficient use of practical materials and configurations. 
b. Experimental development and testing of modifications to the present 
design which would improve both force level and repeatability. 
c. Development and demonstration of a comprehensive safety program to 
cover all known requirements. 
d. A preliminary study of other applications of electrostatics in space. 
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Section 2 
DISC USS ION 
2 . 1  INTRODUCTION 
This section contains discussions on the Phase 11 - Design, Phase TIA - 
Engineering Prototyote and the Phase 111 Fabrication and Qualification for the 
electrostatic and aerodynamic workbench for Skylab. Included are  discus- 
sions on testing, safety, late developments, quality, reliability storage and 
s hi pp ing . 
2 . 2  PHASE I1 - DESIGN 
2 , Z . l  Theory of Operation 
workbenches is as  follows: 
The theory of operation for both the electrostatic and the aerodynamic 
a. The electrostatic workbench is composed of a power supply, 
ion emitter and a work surface at ground potential. The ion 
emitter, operating at a fairly high potential, generates a cloud 
of positive ions which are attracted to the work surface. Any 
object, without particular regard to its material properties, 
in this field will gain a charge by collecting ions and will also 
be attracted to the work surface. Once in contact with it, the 
object will be under the influence of electroadhesive forces. 
The work surface must be coated with a substance bf the proper 
resistivity, conductive enough to carry charges to the coating 
surface yet resistive enough to prevent points of ohmic contacts 
from draining away these charges at too great a rate. If the 
operator touches a metallic object, the charges will be drained 
and adhesion is lost. Therefore, it is desirable to maintain the 
conductive part of the work surface at a -300 volt potential. 
The aerodynamic workbench consists of an electric motor and 
fan combination, operating in the throat of a venturi, which 
draws the workshop atmosphere through a screened working 
surface. The passage of the atmosphere over an object 
restrained by the screen will create aerodynamic drag, thus 
developing a useful force. 
b. 
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2 .2 .2  General Considerations 
The design phase was initiated with a good portion taking place during 
a period of change and uncertainty in the overall design criteria. A decision 
which helped to ease the design task was made by the M507 Principal Investigator 
in April of 1968, to change the workbench working surfaces from oval shape to 
circular. A second problem of major importance was that initial planning was 
based on the ffwettf workshop concept wherein permanently installed portions of 
the workbenches would be exposed to an L 3  environment while the removable 
subassemblies would be stowed in containers in the MDA (Multiple Docking 
Adaptor). Although there were some indications that the ftdryrf Workshop 
might become a reality, the preliminary design had to consider both possibilities 
until July 28, 1969 when the change became official. 
cri teria were in a state of uncertainty and it was November 1969 before 
Chrysler received any criteria, and this was in the form of an unofficial copy 
of IN-ASTN-AD-70-1, Preliminary Vibration, Accoustic, and Shock Specifica- 
tions for  Components on Saturn V Workshopt1. 
The environmental design 
This meant that stress assumptions had to be made to maintain 
documentation schedules with the r isk that later analysis and/or test would 
show marginal strength. 
2 . 2 . 3  Electrostatic Workbench 
2 . 2 . 3 . 1  Preliminary Design 
sketches, reports, and notes. With the realization that changing interface 
requirements would require revisions, informal approval was given by the 
Principal hvestigator on July 24, 1969 for the general concept. Other items 
of preliminary design were  decided upon during subsequent months. 
The documentation for this milestone took the form of partial layouts, 
2 . 2 , 3 . 1 . 1  General Configuration. The original concept considered a 
power supply built into the ion source and shield. This concept proved 
impractical when it was established that both the size and weight of the 
supply would have to increase considerably over the early estimate. 
Additionally, the voltage selector switch would be in an inconvenient location. 
A second concept mounted the power supply to the working surface at its back 
edge where it served as  the base for the bent conduit support for the ion 
source in the manner of a street  light. During the l twet l f  OWS period, many 
other schemes were sketched to provide quick mechanical disconnect with 
the OWS tank wall and yet to f i t  within an MDA storage container of minimum 
size. These concepts were discarded in favor of a simple, cantilever support 
from the compartment wall when the Ifdrytf OWS became a reality, 
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Concern over the as yet unspecified shock and vibration require- 
ments led Chrysler to consider several approaches to a hinged ion source 
bracket which would allow the source and shield to be folded against the wall 
during liftoff and boost. These proved to be more complex and heavier than a 
more rugged cantilever concept without that feature. 
2.2.3.1.2 Work Surface. A specific recommendation was made in the 
Phase I report to use porcelain-coated steel for the electroadhesive surface. 
Although this selection had the obvious advantages of non-flammability, non- 
toxity, cleanability and good wear resistance, serious doubts arose from a 
practical engineering point of view. Porcelainizing is a very common 
commercial process but most fabricators were not equipped o r  interested in 
special, small quantity work. The steel used is of a special grade; also a 
certain minimum thickness is needed to  reduce warping. The *Ifrit" 
compos ition and resulting coating thickness are not closely controlled, 
thus the effects of these two factors on electroadhes iveness were unknown. 
A piece of the recommended material 2 feet in diameter would weigh about 
7 pounds which is a large percentage of the 12-pound total workbench weight 
goal. In search for a lighter weight construction that would still maintain 
flatness, thinner sheets of steel, titanium, and aluminum were  considered 
with reinforcing ribs or sandwich make-up. The fabrication of these 
combinations appeared to be rather difficult. One processor agreed to 
furnish small experimental samples of several thicknesses of porcelain on 
aluminum and titanium. However, process control of these samples was 
difficult and the smoothness, flatness, and thickness uniformity was less than 
desired. 
It occurred to Chrysler that hard-coat anodized aluminum might 
also be a good electroadhesive material. A sample was processed and tested 
by the simple -30C-volt bias method (see figure 1); the sample produced 
forces greater than those previously obtained with porcelain/s teel. 
Comparative testing was conducted on these candidates with 
the following results: 
Sample Composition Avg. Force (grams) 
Porcelain/titanium 30 
Porcelain/steel (0.007 inch coating) 3 
Porcelain/steel (0.005 inch coating) 1 
Porcelain/steel (0.003 inch coating) 4 
Porcelain/aluminum (3M Co. No. HT) 12 
Hard coat anodize/aluminum (0.002 inch) 56 
These values represent the average of several readings taken at several loca- 
tions on each sample. However, fairly high dispersion was noted, due in part 
to local surface imperfections and instrumentation e r ror .  From these results 
it was decided to t ry  two materials for engineering prototype evaluation: the 
porcelainized steel, because of its high recommendation in Phase I, and hard 
coat anodized aluminum because of its apparent superiority. 
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2.2.3.1.3 Ion Source and Shield. The design criteria of the Phase I Study 
specified that the ion source was to be a stainless steel needle point. This 
appeared to be a good choice and preliminary design effort was not expended 
to investigate alternate materials or configurations. The shield to enclose 
the ion source was to be the work surface shape (i. e., round), and was to 
focus the ion beam at the work surface 18 inches away. Maintaining the 
depthbreadth ratio used in the study, the shield automatically became the 
frustrum of a cone with a base diameter of 8 inches. The bottom, o r  pro- 
tective cover, was to be perforated with 1/8-inch holes on 1/2-inch centers. 
Holes were required for ion egress and the 1/8-inch size seemed to be the 
largest  commensurate with safety (guarding against the deliberate or 
inadvertent entrance of foreign objects to the proximity of the high voltage 
source). 
of material which must be a good insulator, reasonably rugged, and acceptable 
from the standpoint of flammability and outgassing. Test results for candidate 
ATM material applications were made available to Chrysler, but a specific 
recommendation for our application was  not forthcoming from the MSFC 
Materials Laboratory because this laboratory concerns itself with the 
evaluation of materials submitted to them as candidates for a particular 
application, The choice narrowed down to Teflon (TFE) and polyimide. 
a few manufacturers make these materials and some of them are  not fabrica- 
tors. Neither of these materials is easily bonded and the use of metallic 
fasteners to build up this complex shape was undesirable, considering the 
proximity of the ion source. Many inquiries were made to possible vendors 
but with limited success. One fabricator, who also produced the r aw material, 
agreed to furnish a one-piece shield cone of Teflon having a 1/8-inch wall 
thickness and a perforated cover. 
The major problem at this point in the design was the selection 
application, rather than recommending a specific material for a specific - 
Only 
The preliminary design concept was further developed for 
clamping the ion needle and its high voltage cable to the shield by bonding 
and nylon screws. 
2.2.3.1.4 Ion Source Support and Bracket. The ion source was planned to 
be centered over the working surface at a point about 15 inches from the Skylab 
wall. The support for the source and shield was required to  be non-metallic 
and rigid. Inquiries were sent out and a West Coast fabricator recommended a 
hollow tube of laminated fiberglass impregnated with polyimide. The 
attaching bracket which would interface with the Skylab wall could safely be 
metallic and was sketched as a welded assembly with mounting holes to match 
the standard Apollo grid pattern. 
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2.2.3.1.5 Power Supply. The basic requirements for the power supply 
were: a -300 vdc bias section and a high voltage section, switchable to nominal 
values of 10KV, 20KV, 30KV, and 40KV; very low power; small size and light 
weight; and capable of operating in the Skylab environment. A thorough search 
was conducted without success for an available unit, o r  even a portion that 
could be utilized. One manufacturer offered to design and build such a supply 
but for a price and to a schedule far beyond the limitations of our contract. 
Preliminary design of the circuits began and a breadboard of a 
candidate voltage multiplier was built and tested in successive stages. The 
high-voltage small-s ize diodes needed for this diode-capacitor ladder type 
design were available from only one vendor. The remainder of the power 
supply circuit selected is described as  follows: A nominal 28-vdc is applied to 
a four transistor bridge oscillator which is controlled by a saturating trans- 
former and produces a 20Hz, 28-volt peak, square wave. This output is applied 
to the 300-volt transformer whose output is rectified and filtered to provide 
the -300 vdc bias to the work surface. The square wave is also applied to the 
switchable taps of a 2OO&volt transformer which in turn feeds the multiplier. 
The electrical schematic for the power supply in its final form is shown in 
figure 2, 
Concurrent with the circuit design, a number of possible 
packaging concepts were considered. A two-deck, circular configuration 
offered several advantages such as  compactness and short internal lead 
lengths. However, it is best suited to a very mature design after a long 
development period. The two-deck circular configuration is relatively in- 
flexible to development changes because problems occur with connector and 
pigtail attachment when using the welded lead technique (which would be 
normal for this configuration); also it would be difficult to take full advantage 
of volumetric efficiency because of the dissimilar shapes and sizes of 
components. Hermetically sealed, oil bath construction was also considered, 
but the factors of facility requirements, cost, and development time were not 
in its favor. 
Although it was likely to result in a somewhat larger size and 
greater weight, the decision was made to concentrate on a printed circuit 
board, soldered component, and completely potted design within a metallic 
case. Also, decided at the outset was that cable connections would be 
minimized and the high voltage cable would be a pigtail from the power 
supply, terminating by permanent attachment to the ion source needle. The 
working surface (table top) was planned to have a single-conductor cable 
pigtail to mate with a small connector mounted on the power supply case. This 
connector would not be disconnected after prelaunch checkout but would provide 
the means for troubleshooting, table top replacement, and would facilitate 
handling before prelaunch checkout. The initial workshop interface was 
required to be a zero-g connector, mating with a wall mounted receptacle for 
28-vdc supply, This was later changed to a power supply pigtail and 
conventional connector, mating with a receptacle on the aerodynamic work- 
bench motor control box. 
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The voltage multiplier was visualized as two parallel printed 
circuit boards with the high voltage diodes and capacitors in between. This 
subassembly was to be encased with potting compound. The choice of com- 
pound was based upon: high dielectric strength, low shrinkage, low thermal 
coefficient of expansion, good wetability, and the best possible out-gassing 
and flammability characteristics. Emerson and C u i n g  2850GT, an alumina 
filled epoxy, appeared to possess the best combination of properties, although 
it is very viscous, which makes it difficult to deaerate and pour. These 
properties were also a good match for the epoxy body of the high voltage diode 
select ion. 
Requirements for the high voltage cable were: operation at 40kv 
(but at low power) in an oxygen-rich 5 psi atmosphere, non-flammability, and 
non-toxic. Even the recognized leaders in the cable industry could not agree 
on a construction they were  confident could meet these requirements. Generally, 
high voltage cables a re  custom-built, which results in long lead time and high 
cost. Our immediate problem for development needs had to be solved in a 
make-shift manner, using production-run surplus samples of questionable 
quality and marginal capacity. An additional important consideration was that, 
although Teflon (TFE) was about the best available material for wire insula- 
tion in space, no cable samples had yet passed the rigorous testing for 
flammability and outgassing by the MSFC-Materials Lab. Variations of an 
additional outer convoluted jacket were showing some promise, but none had 
'been approved at that time. 
became a difficult problem of integr als, processes, and 
components. A s  mentioned previou available diodes were small 
and fragile (0.06 inches square by long with 0.010 s ilver leads). 
The assembly is shown in figure 3. 
not only in high voltage leakage but in degraded performance t 
diode failure. More stringent cleanifig techniques were devel 
leakage paths were provided, and the pottin 
two steps to ease the thermal s t r e s s  exposure during the exotherm and curing 
cycles. A t  one point, it appeared the aiodes were being crushed by the very 
hard and dense potting material. Tests were conducted on sample assemblies 
using both elevated and room temperature cure epoxies and polyurethane 
compound. It was concluded that the 2850 GT (160'F cure) compound was still 
the best choice. After consistent results had been obtained, the required 
module shielding was added which had the effect of increasing the electrical 
stress on the potting compound and the power consumption. An outer covering 
of 1/4-inch Plexiglas with the shield external to it was found to be effective. 
Copper screen had previously been considered for the shield; however, with 
the selection of Plexiglas, an adhesive-backed copper tape with soldered 
joints was used and a tapered extension was added to the molded contour along 
the imbedded high voltage cable to decrease the electrical stress concentration 
and increase the mechanical bonding area. This configuration is shown in 
figure 4. Until this last modification, potting molds of Plexiglas had been used 
with a high rate  of mold attrition. A switch to an aluminum mold was considered 
feasible at this point. 
Development of the high voltage module (voltage multiplier) 
Early experiments in potting resulted 
ation was separated into 
2 -9 
'Figure 3. Voltage MulMplier Prior to Pol$ing 
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Figure 4. High Trollage Module as Modified 
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The concept of the low voltage section assembly (containing most of 
the power supply electronics outside of the high voltage module) underwent very 
little change. Two printed circuit boards were positioned vertically and paral- 
lel, with transformers strung on a rod between them. The voltage selector 
switch was nested between the boards. Initially, the voltage selector was 
planned to serve as  the power supply ON-OFF switch. However, reliable 
startup of the oscillator with low input voltage could only be guaranteed by use 
of a separate ON-OFF switch. 
resistor in the high voltage circuit as a safety measure. During the preliminary 
design and breadboarding of the circuit, it was determined that this feature 
would result in considerable weight and power penalties. Instead, a highly 
dependable current-limiting circuit that would reduce the output voltage 
immediately in the presence of a low resistance condition was incorporated. 
The current limiting ability of this circuit design is illustrated in figure 5. 
2.2.3.1.6 Table Top Storage. After the dry workshofi de on.was made, 
it was planned to stow the table top in a pocket attached to-the wall at-the right 
side of the power supply and close to the floor where it would remain with its 
0-volt cable attached at all times when not in actual use. Several location 
reassignments were made and finally the table was moved to the left and 
: some distance from the floor. Three mounting brackets, designed for easy 
operation, were  then used. 
2.2.3.2 - Bornia 
The Phase I-Study recommended the inclusion of a 300-megohm 
. I -  
hich the three units .of the final contract phase 
were to be fabricated was to be documented in drawings, parts lists, and 
specifications. The documentation was to reflect the results of the pre- 
liminary design and incorporate any changes found to be necessary or desirable 
by the building and testing of an engineering prototype unit. 
It should be noted that no particular date or event marked the tran- 
sition from preliniinary to formal design. som-e changes (particularly those 
affecting the interface of M507 to the workshop) were made prior to formal 
documentation, some during the formal activity on a particular part or 
assembly, and others after drawing completion and release. In the latter 
case,  the change became a drawing revision. 
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Figure 5. High-Volkge Output Volt-Ampere Characteristics 
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2.2.3.2.1 General Configuration. The arrangement of the electrostatic 
workbench elements as shown in figure 6 was the result of human engineering 
considerations , Skylab interface requirements, and interaction with the 
aerodynamic workbench. The purpose of the M507 to serve as  a work station 
established the location for the work surface and the use of one structure for 
both methods of gravity substitution was both logical and economical. The 
ion source and shield enclosure being 18 inches above the table allows ample 
working clearance and is situated like a light fixture over a normal l g  work- 
bench. The power supply and its controls a r e  located for convenient access 
and observation by the operator when he is standing in front of or to the right 
of the work surface. Location of the table top storage to the left was 
dictated by a reassignment of space in the Skylab. Elimination of connectors 
involving the operator not only reduces the things he has to do to activate and 
use the facility but adds to workbench reliability. This design is defined by 
MSFC drawing and Parts  List No. 95M12015. Descriptions of the component 
parts are as follows: 
a)  External Cables. There a re  three external cables in this 
system; high voltage, table top and 28-volt input cable. A s  
previously stated, no cables passed the flammability and out- 
gassing tests. This problem was resolved when Chrysler 
completed their formal design specification for the high 
voltage cable and submitted it for approval. It called for 
a shielded single conductor construction with teflon primary 
insulation and outer jacket. Approval was given to the 
specification provided 'the cable was encased in a convoluted 
tubing having a woven fiberglass inner sheath. This type of 
protection had just been successfully tested. The necessary 
changes to the formal documentation were made to accom- 
modate the tubing and end fittings for all three cable applica- 
tions. 
b) Work Surface. The work surface or table top is a 24-inch 
diameter aluminum alloy plate, 1/4-inch thick with the bottom 
side milled to leave a stiffening r ib  pattern and a minimum 
weight. The entire outside surface is given a hard coat 
anodize finish with the exception of a small electrical contact 
area which is treated with alodine. A single teflon insulated 
wire for the 300-vdc table bias is attached to the table with 
a terminal lug, forming a 3 1/2-foot pigtail which terminates 
in a 4011139569 connector plug. Icore convolute tubing and end 
fittings protect the complete cable. The table top terminal 
is further protected by a teflon block and cap, designed a s  a 
convenient handle to move the table in and out of the 
operating position. Additional insulation protection and 
centering within the upper r im of the aerodynamic workbench 
is provided by three teflon spacers about the table's rim. 
2 -14 
i 
Figure 6. Electrostatic Workbench Operational Condition 
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c) Ion Source Shield. 
1/8-inch teflon wall have not changed since early concept. Its 
The contour of the shield and the nominal 
shape is the frustrum of a cone, having a major diameter of 
4 inches (see figure 6 .  ) An integral boss projects inward from 
the small end to protect and support the ion emitter shank. A 
block of teflon into which the support is sunk and doweled, is 
attached to the shield by 3 nylon screws and epoxy adhesive. 
The teflon cap is attached to the block with 4 nylon screws, 
firmly clamping the high voltage cable, and sealing off the 
emitter/ conductor junction. An 8-inch diameter cover 
completes the shield enclosure and is perforated by 1/8-inch 
holes on 1/2-inch centers. 
8 inches, a minor diameter of 4 1/2 inches, and a height of ) 
Afte r  release of the formal documentation, the following 
major changes were made: 
The internal boss was shortened to correspond to the 
latest prototype configuration. 
The perforated cover was made into a sandwich by 
bonding a copper foil bleed pattern to its outer surface 
and then bonding a 0.010-inch teflon sheet overall. 
A hole was added in the small end of the shield 
adjacent to the support s o  that the bleed pattern cable 
could leave the shield interior and pass into the hollow 
support. 
The block and cap were modified s o  as to clamp the end 
of the convolute tubing. 
d) Support and Bracket. The support is a hollow tube of polyimide 
resin fiberglass laminate with a 1/2-inch inside diameter and a 
.1/8-inch wall. (See figure 6 . )  Rs length suspends the ion 
emitter 15 inches from the wall. Both ends a re  specified as a 
close.fit with the mating holes in the shield block where a 
teflon dowel is fitted on assembly and also in the bracket where 
two spring pins a re  fitted on assembly. The only change after 
release was to add a slot opposite the bleed cable hole in the 
shield. 
' $  
j ... 
,The bracket is a welded aluminum part which provides a 
rigid socket for the support and the interface with the Skylab 
wall. The first design (and the one used for the prototype) 
used a 3-hole mounting pattern to match the standard Apollo 
grid. The Integration Contractor reoriented this grid 
pattern, which necessitated a redesign to a 4-hole mounting. 
i 
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Subsequent to release, the interface was specified to be 
electrically conductive; therefore, the faying surface was 
changed from anodize to alodine. With the advent of the 
bleed provision, an additional hole was made through the 
bracket hub and support for lead egress and one of the ribs 
was modified to  receive the ground connection. 
e) Ion Bleed Circuit. This provision was not part of the final 
documentation at  the time of release. Its purpose and 
function is explained under paragraph 2.3.3. The 10k megohms 
bleed resistor has a length of high voltage cable crimped to 
one lead and a length of insulated hook-up wire crimped to the 
other. The resistor and two crimped lengths are  potted with 
2850 GT in a cylindrical mold. This subassembly is placed 
into the support tube with the high voltage pigtail feeding 
through the new shield hole and cemented to the inside of 
the shield to emerge through the cover where it is soldered 
to the bleed pattern foil. The other pigtail is fed through the 
new hole at the bracket, a terminal lug is attached and is 
grounded to the bracket rib. The potted resistor is cemented 
to the inside of the support tube. 
f )  Power Supply (Electronic Assembly). A l l  of the power supply 
electronics a re  potted within a formed and welded aluminum 
case. (See figures 7 and 8. ) The base plate is assembled to 
the case before curing the last potting step; this effectively 
excludes the environments (humidity, vacuum, etc. ) to 
which it would be exposed. Two convolute tubing protected 
pigtails emerge from the case. The high voltage cable is 
located at the top and has the ion emitter silver soldered to 
the end of the conductor that has its shield stripped back to a 
point where the installed cable leaves the grid wall. The ion 
emitter is made from 1/8-inch stainless steel rod tapered 
to a point over a 1/2-inch length. The second pigtail con- 
tains three individual insulated wires that make up the 28-vdc 
input power. This pigtail is attached to the right side of the 
case and terminates in a 40M39569 connector. A bulkhead 
receptacle is installed in the bottom wall of the case for 
connection to the table top. A power return jumper is 
attached to an insulated stud, also located on the right side of 
the case,  and must be bonded electrically to the wall grid 
structure. The entire exterior of the case and base is 
finished with alodine. The controls for the power supply 
consist of an ON-OFF toggle switch, a VOLTAGE ON neon 
pilot light, and a 4-position VOLTAGE SELECTOR switch. 
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Figure 7. Electronic Assembly 
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Figure 8. Electronic Assembly Prior  to Potting 
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Functions are  clearly identified by an engraved, black 
anodized plate. The voltage selector switch positions a re  
marked 1, 2,  3, and 4 which correspond approximately to 
voltage outputs of 10, 20, 30, and 40kv, respectively. 
The internal construction has been partially described under 
the preliminary design discussion (paragraph 2.2.3.1) .  
The high voltage module is located adjacent to the base (see 
figure 8), with the two input terminals located on its opposite 
face. A split tapered bushing of teflon is assembled around 
the high voltage cable and, when wedged into the convolute 
tubing adapter fitting, helps to locate the module during 
potting. The module shield is attached by braid to the ICase 
Ground Stud. 
stresses, the high voltage diode body was increased to 
0.1 by 0.1 by 0.4 inches without changing the internal 
configuration. 
For the qualification unit, the low voltage assembly was 
prepotted in a separate mold to encase all of the wiring and 
make the selector switch a part of this subassembly. Sealing 
the mold from leakage and controlling the exit of inter- 
connecting pigtails was found to be too difficult. The documen- 
tation was revised to  call for installation within the case, 
connection with switches, pilot light, etc. and potting in place 
with Emerson-Cuming No. 1090 SI to the same level as  
previously intended. The assembly just prior to potting is 
shown in figure 8. After the first potting operation the last 
connections a re  then completed, the high voltage module 
nested between the low voltage board ends, and a second 
potting operation is performed to within 1/8-inch of the 
case lip. A topping layer of No. 2850 GT completes the 
pouring and the base is assembled before curing. During 
preparation of the case for potting, the filter cmpar tment  
is installed with two input line filters and the case ground 
stud in place. The cavity of this compartment is accessible 
frm outside the case and filled with compound. 
A s  additional assurance against thermal and other 
g) Electronic Component Selection. The components used for 
the breadboard during the preliminary design were chosen 
primarily for their functional suitability and availability 
while reliability was of secondary concern. When the 
circuit was satisfactorily established and preliminary 
packaging planned, a decision had to be made regarding 
the final design component selection. Factors to be 
weighed were: reliability requirements, size, compatibility 
with packaging environment, method of electrical inter - 
connection, cost, and delivery. It had been established that 
3 
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the experiment would not be considered more severly than 
Criticality Category 3 and that funding could not support a 
full-fledged quality assurance and reliability program. Time 
schedules were critical; consequently, trade-off selections had 
to be made which ruled out specifying high reliability and 
screened types. For example, MIL-R-39908 resistors were 
selected in preference to MIL-R-39017 types, JANlN5199 
diodes in place of SlN5199, and MIL-C-25 capacitors in place 
of the 50M60180 type. Because of the critical nature of the 
high voltage diodes, a degree of screening was specified for 
this one type component. 
h) Table Top Storage. The three storage brackets utilize 
identically formed aluminum bases. Two of the brackets a r e  
non-adjustable and include teflon blocks with tapered notches 
to  secure the table rim. The third bracket is adjustable by 
means of a knob and finger arrangement. With the knob 
loosened and the finger rotated out of the way, the table rim 
is located first in the notches of the two non-adjustable brackets, 
then rotated into the adjustable bracket against its teflon pad. 
The finger is swung around to contact the back of the table and 
the knob tightened. The working surface is then facing the 
grid wall and protected from direct impact of floating debris. 
2 . 2 . 4  Aerodynamic Workbench 
2 . 2 . 4 . 1  Preliminary Design 
electrostatic workbench. MSFC-ME was to handle all work involving hard- 
ware and testing, while CCSD' s responsibility was to propose design concepts 
and to document the formal design. The electric motors, impellers, and 
speed controls had been specified and procured, and the intention was to use 
them for flight hardware with or without further modifications. The Principal 
Jnvestigator felt the need to build a mock-up and to initiate some preliminary 
testing of the motor-fan combination at the earliest possible date. This had 
the effect of curtailing the preliminary design period and of expediting at  least 
portions of the formal design effort. 
This design task was conducted entirely different from that for the 
a) General Configuration. The original concept as proposed In the 
Nortronics Phase I Report was a working surface comprising a 
wall-mounted venturi with an oval-shaped entrance covered with 
a screen. The motor driven fan would draw the workshop atmo- 
sphere through the screen and exhaust it in the direction of the 
floor grid. The screen, backed by an egg crate structure, would 
also support the electrostatic table top during that part of the 
experiment. However, early in 1969, it was decided to change 
the oval shape working surface to circular, thus simplifying 
the design and reducing the cost of fabrication. 
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Prior  to the dry workshop decision, the venturi was planned to 
be permanently mounted and the motor, fan, and controls to be 
easily removable for storage in the MDA container. Some study 
and sketching was done in search of the best practical way to 
accomplish this, which would also require that the working sur-  
face be hinged or removable. 
The Experiment Integration Plan included the use of a chrono- 
meter and a grid as a background for motion picture recording. 
Certain objects were to be released above the working surface 
and their time/motion behavior noted as they contacted the table. 
Early in the preliminary design period the requirement for the 
chronometer and grid was dropped in favor of the gross indica- 
tion offered by the grid pattern on the wall. 
Venturi. A sheet metal spinning capability existed at MSFC and 
could be utilized now that the shape was cylindrical. Based to 
some extent on the Phase I Study, CCSD and MSFC established 
a venturi contour and upper rim configuration (24-inch entrance 
diameter and a throat to clear the 18-inch diameter fan). The 
entrance and exit contours were to be identical except that the 
throats would be enough different to permit the upper to fit 
within the lower, thereby resulting in an overall length of 
23-1/2 inches. These shapes were spun quite easily, and with 
very little added effort enough shells were made for the total 
anticipated requirement, Thus , the preliminary design became 
the final design. A reinforcing band was added around the throat 
area. The upper rim was planned to attach to the venturi 
entrance and form a cavity for the aerodynamic table surface. 
In addition, the rim height was great enough to contain the 
electrostatic table top (stacked on top of the screen in 
operational position) and still furnish a boundary for any object 
having a tendency to roll off the table. 
surface would be stainless steel screen with a sufficiently dense 
mesh to prevent small screws and hardware parts from passing 
through. The problem was to provide a screen support to negate 
sagging without seriously affecting the airflow. Where a search 
failed to reveal the availability of a suitable configuration of 
acceptable material, Chrysler studied three or  four alternate 
constructions. These involved various formed sheet metal 
shapes and assembly by rivets or welding. A l l  appeared costly 
for the quantities required and all suffered complications in 
terminating a repetitive pattern in a 24-inch diameter. Looking 
b) 
c) Table Assembly. It was previously agreed that the contact 
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for  a mock-up substitute, the Principal Investigator chose a 
section of the standard Apollo grid, had it cut to a circular 
shape and welded a 1/8 inch aluminum ring about its periphery. 
A larger ring was constructed and, with the screen laid across 
the grid, this r h g  was pressed on. Not only was the screen 
retained but tension cwld  be developed to minimize looseness 
and waviness. This became the preliminary design. 
d) Venturi Supports and Brackets. Although several other 
approaches were briefly considered, the strut  type of support 
was chosen for its light weight. Right and left hand strut 
assemblies were to be composed of two aluminum tubes with 
three welded end fittings. One end of the horizontal tube would 
attach to  a hat-shaped bracket at the venturi reinforcing band and 
the diagonal member would be welded to the same fitting and 
extend to a wall bracket at  about working surface level. Stability 
was provided by a r ea r  strut  assembly of similar construction 
which attached at its central fitting to the r ea r  of the reinforcing 
band and fastened to the two wall brackets already serving the 
side struts. Final suspension stability was assured by a wall 
bracket attached to an upper rim hat bracket with a single bolt. 
Thus, the entire venturi could be removed by detaching four 
bolts. The wall mounting brackets were designed to pick up a 
single bolt attachment to the strut  end fittings and to interface 
with mounting pads on the S-NB tank wall. When the assigned 
location of M507 was switched to  a compartment wall, the 
bracket design was changed to provide a 3-hole grouping to  
match the standard Apollo grid wall. Bracket construction was 
welded aluminum, followed by machining and anodize treatment. 
D. C. Motor and Motor Control Box. A s  mentioned previously, 
quantities of these two assemblies had already been delivered to 
MSFC by the time the design phase began. They were produced 
by the EEMCO Division of Electronics Specialty Co. Chrysler’s 
only design responsibility for these two items was to incorporate 
the furnished EEMCO documentation into the drawing set. 
astronaut’ s problem of installing and removing the motor-fan 
combination with minimum effort and r i sk  of misassembly. A 
ring, attached to the motor with s t ruts  sliding into the throat 
area to a shoulder and retained by detents or  a mechanical lock, 
appeared to be the best solution. When the in-flight assembly 
requirement was deleted, efforts were redirected towards a 
s t rut  and throat-mounted bracket combination that would offer 
minimum aerodynamic drag and least cost to fabricate. However, 
e) 
f )  Motor Support. Early design effort was concerned with the 
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the specified fan had four blades and the motor, four equally 
spaced mounting angles which could lead to severe noise, vibra- 
tion, and flow irregularity problems. Testing of the 'mock-up * 
revealed that the fan speeds necessary to  produce the required 
flow were sufficiently low s o  that this problem did not materialize: 
A simple flat plate design was sketched for the struts and a non- 
streamlined attachment bracket documented for the mock-up. 
g) Electrostatic Table Retention. Trade-off studies were made to 
determine whether the principal parts should be on the table or 
upper rim of the venturi. It was more practical to keep the table 
surface uncluttered and as uncomplicated as possible because the 
table must be handled in and out of the storage brackets and the 
installed position. Many mechanisms were examined from the 
standpoint that the astronaut would be holding the table by the 
cap/block handle with one hand and the other available to secure 
it in position. Ease of insertion and removal, reliability of 
retention, and low cost were  additional consideratias. Sliding 
mechanical bolts, threaded fittings, spring loaded latches, and 
cams were considered. Two factors were of major importance: 
wide tolerances of the sheet metal rim on diameter and round- 
ness, and the vertical stack-up of the aerodynamic table in the 
r im,  its thickness, and the effective thickness of the electro- 
static table. 
thumb wheel actuated bolt mechanism. 
teflon and cut at an angle to contact the top edge of the table r im,  
and wedge it down. 
4 
The analysis favored a three-point retention and a 
The bolt tip would be of 
2.2.4.2 Formal Design 
The Aerodynamic Workbench mock-up built by MSFC was updated to a 
prototype configuration. Some of the interim measures taken in building the 
mock-up have proved to be adequate and, for economic reasons, were trans- 
lated into the formal design. 
a) General Configuration. The venturi and the table is suspended 
from the wall to form a work station approximately 42 inches 
from the floor. The motor control is wall mounted about 
18 inches to the right of the venturi and a few inches above the 
24-inch diameter work surface for convenient access and viewing. 
The only cable in this system extends from the motor control to 
the motor. Power is obtained from a Skylab 28-vdc power pig- 
tail which mates directly with a bulkhead connector on the motor 
control. The design is defined by MSFC Drawing and Parts 
List No. 95M12007. 
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b) Venturi. The general shape and size a re  described in 
paragraph 2.2.4.1. The two shell halves a r e  spun from 0.040- 
lnch aluminum alloy sheet as a r e  the top and bottom rims. Added 
stiffness and operator protection is ensured by beading the 
extreme edges over aluminum wire.  The 6-inch wide by 1/8-inch 
thick aluminum reinforcing band around the throat area provides 
solid support for the motor mount and for the three hat section 
brackets which form the principal attachment points. A l l  
fastening is accomplished with aluminum rivets except for spot 
welding the top r im doubler. Faying surfaces of the piece parts 
are treated with alodine for electrical bonding while the remainder 
of the assembly is anodized. The upper rim is hard coat anodized 
for consistency with the electrostatic table finish when it is in 
operation. 
No major changes were made in the venturi drawing after 
completion except the ‘provisions for mounting the electrostatic 
table retainers. 
A l l  venturi upper and lower shells were made at the same time 
with the same tooling. Upper and lower contour templates were 
made and used for inspection and, for puposes of ddcumentation 
reference, each was assigned a drawing number. 
c )  Table Assembly. The description as  delineated under paragraph 
2.2.4.1 did not change. Preliminary tests determined that the 
stainless steel  screen covering should be made of 0.005 diameter 
wire  woven on a 1/2 mm spacing. Retention within the venturi 
top r im is accomplished with three bolts threaded into clinch 
nuts on the table rim. 
d) Venturi Supports and Brackets. Final configuration of the side 
and r e a r  struts is as described.in paragraph 2.2.4.1. Tubular 
members are made of aluminum alloy tubing 5/8-inch 0. D. and 
0.035-inch wall thickness. End fittings and doublers a re  0.063- 
inch thick aluminum alloy sheet. A stress analysis was con- 
ducted after the workshop design environments became available 
and strengths were shown to be more than adequate. To ensure 
against inadvertent side forces from the operator, gussets were 
added to the end fittings. 
The wall mount brackets (four for the strut  attachments and one 
for the venturi upper rim) were documented in their final design 
when a major change was made by the Integration Contractor. 
The pattern of the compartment wall grid was rotated 30 degrees 
which necessitated the redesign of all five brackets. The faying 
surfaces were changed from anodize to alodine in compliance 
with an added interface requirement for electrical bonding. Several 
changes were made to the mounting hole size a s  revisions were 
made to the interface documentation. 
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e) D. C. Motor and Motor Control Box. A number of changes to the 
existing D. C. Motor were required by the Principal Investigator 
which resulted in hardware modification by the vendor. Environ- 
mental protection for the motor was provided by the addition of a 
seal  at the output shaft, the tachometer take-off was removed and 
replaced by a new end bell, and the electrical connector was 
replaced by one to specification 4011139569 (to be furnished by 
MSFC). 
The motor control box also was redesigned both electrically and 
mechanically. The speed control switch was changed to indicate 
OFF, LOW, MED, and HIGH, and the auxiliary vernier control 
eliminated. lnternal circuitry was revised to provide motor 
speeds established by testing of the prototype at MSFC. When 
the decision was made to make this box the Skylab electrical 
interface for M507, two switches were used to control power 
to either the aerodynamic or the electrostatic workbench. These 
were  electrically interlocked so that both workbenches could not 
receive power simultaneously. The connectors were replaced 
by a new se t  to specification 40M39569 (furnished by MSFC). 
Since the motor control box was now serving as the 28-vdc 
distributor for the experiment, a new receptacle was added to its 
upper wall to service the Electrostatic Workbench. The four-hole 
mounting on this box would not mate with the compartment grid 
80 an aluminum adapter plate was designed by Chrysler to become 
the interface. 
Motor Cable. It was originally anticipated that the motor and 
control manufacturer would furnish the interconnecting cable, 
This did not prove to be the case and Chrysler was directed to 
document the item. Individually insulated wires were specified 
to be enclosed with Icore convolute tubing and terminated with 
mating 40M39569 connectors. 
Motor Support. The method of supporting the motor is similar 
to that planned when installation by the astronaut was still required 
as  the possibility exists that this subassembly might have to be 
replaced prior to lift-off. Simple motor struts a r e  assembled 
with two bolts to each of the four motor mounting flanges. Each 
of the struts has two slots for  the bolts in one end and a bolt hole 
in the outer end. Four mounting brackets are located in the 
venturi throat and are riveted in place. These brackets have 
receiving slots parallel to the venturi axis and terminated by a 
mechanical stop on the end towards the venturi exit. The 
motor/fan subassembly, with struts loosely attached, is  lowered 
through the venturi intake and the strut  ends mated with the 
bracket slots. Assembly bolts a r e  inserted through the slot 
f )  
g) 
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d .  
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fingers and matching strut  end holes. Adjustments a re  made to 
equalize fan blade tip clearance and plane of rotation to  cumpen- 
sate for the sheet metal fabrication tolerances. With the strut/ 
motor flange bolts tightened and match marks applied to one 
strut  and bracket, the four assembly bolts are removed, the 
motor/fan subassembly demounted, and permanent dowels 
pressed through the strut/motor flange interfaces. Now the 
motor can be mounted or demounted for shipping or any other 
purpose. 
h) Exit Screen. A t  the Preliminary Design Review, a potential 
safety hazard was brought up for consideration. This involved 
the possibility of debris, tools, o r  other foreign material 
drifting into the proximity of the fan through the venturi exit. 
The hazard was eliminated by the design of an exit guard, the 
composition being the same as  that of the table assembly. The 
guard is held within the exit by retaining clips and is notched to 
receive a grommet through which the motor cable can exit from 
the venturi. 
2 . 2 . 5  Weights and Center of Gravity 
Table 1 lists weights and center of gravity calculations for both the 
aerodynamic and electrostatic workbench. Weights listed for the aero- 
dynamic workbench a r e  estimated because fabrication of the qualification unit 
was not sufficiently advanced to permit measuring actual weights; those 
listed for the electrostatic workbench a r e  actual weights. Figures 9 and 10 
show the physical relationship of the aerodynamic and electrostatic work- 
benches and the physical relationship of their subassemblies. The center 
of gravity locations given in the table 1 are measured from the reference 
points or  planes indicated on these illustrations. 
2 . 3  PHASE IIA - ENGINEERING PROTOTYPE 
2 . 3 . 1  General 
The construction of the prototype, the force test fixture, testing, 
safety program and late developments a re  discussed in the following para- 
graphs . 
2 . 3 . 1 . 1  Construct ion 
2 . 3 . 1 . 1 . 1  Ion Source and Shield. The test results and the derived criteria 
of Phase I-Study regarding the configuration of the ion shield were very con- 
vincing. R did appear that the density and distribution of ions directed to the 
table top might be influenced by the location of the ion emitter within the 
shield and that its proximity to a grounded object at the cover might be critical 
to discharge. For this reason, the general contour of the prototype shield 
was made identical to the proposed final design. The central insulator and the 
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ion needle within it were made as  a separate movable subassembly, within a 
hub to  vary the needle 'position along the shield axis. Available needle point- 
to-cover distance was 1 9/16 to 3 7/16 inches. The cover was fabricated to 
the Phase I criteria; i.e, 1/8 inch holes on 1/2 inch centers. The block and 
cap to  enclose the needle, clamp the high voltage cable, and attach to the 
support were made to the intended final configuration. Teflon was used for 
all of these non-metallic parts. 
2 . 3 . 1 . 1 . 2  Support and Bracket. The support was fabricated of polyimide 
resin fiberglass laminate to the dimensions of the final design. The bracket 
to attach the entire ion shield.and support to the wall was built to the 3-hole 
mounting pattern and was not changed when the compartment wall was revised. 
2 . 3 . 1 . 1 . 3  Power Supply and Cable. The prototype power supply configura- 
tion developed slowly as  problems with the internal packaging were  identified 
and corrected. After several unsuccessful high voltage modules were built, 
the one that became the prototype very closely duplicated the final design. 
The major departure was the high voltage cable, which had a polyethylene 
jacket since a better choice was not available at the time. The bond between 
the polyethylene and the E-C 2850 GT potting compound was marginal but gave 
satisfactory laboratory service of several hundred hours. 
except that some of the electronic components were commercial quality. 
Because the prototype was not intended to undergo exposure to environmental 
extremes and some facility for making changes was desirable, it was decided 
not to pot the high voltage module and low voltage section into the case. 
Externally, the power supply was in close agreement with the formal design 
although the 28-vdc input cable was of temporary configuration. 
The low voltage printed circuit boards represented the final design 
2 . 3 . 1 . 1 . 4  Table Top. A s  previously mentioned, the hard coat anodized 
aluminum had given better electroadhesive results than the porcelainized 
steel. It was believed that more formal proof of this advantage was neces- 
sary, and for this reason, table tops of both materials were fabricated for 
evaluation. The aluminum top was built essentially to final design. The 
porcelain top was furnished with a teflon insulating ring completely en- 
circling its rim and guarding against edge chipping. 
2 . 3 . 1 . 2  Force Test Fixture 
A rather crude force test fixture had been devised during the Phase I 
work consisting of the table surface supported in a vertical plane and the ion 
source and shield mounted to operate on a horizontal axis with the table. A 
brass  test disk was suspended by thread at the table surface and was attached 
to a horizontal thread, which in turn was knotted to another vertical thread. 
This latter thread supported a dead weight from a movable point. A s  this 
point was moved away from the table and its neutral position, a component of 
the dead weight appears as a force on the horizontal thread. The distance 
traveled by the movable point is related to the force necessary to overcome the 
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electroadhesion developed at the disk by the known geometry of the suspension 
system. The basic principle and operation of the fixture was sound and 
straightforward, but its flexibility was believed to be responsible for the 
erratic data produced. 
A new fixture was built, similar to the original, but with a rugged 
aluminum angle framework. (see figure 11.) The side representing the OWS 
compartment wall was made of a section of the standard Apollo grid. One end 
was covered with plywood to which a sample venturi upper ring was attached 
so that the table surface could be mounted in the intended relationship. A 
sturdy aluminum beam was designed to support all the test disk suspension 
system, a trolley for the movable point, a motor/pulley arrangement for 
remote operation, and a scale to determine the amount of movable point 
displacement. Thus, the entire beam assembly could be moved as a unit, and 
a survey macie of forces across the table surface if desired. Varying the dead 
weight or  the geometry could be used as  a scale factor. For purposes of 
measuring the electroadhesive force on ungrounded objects, the thread was to 
act as  an insulator although some surface charges would gradually leak off. 
The overall fixture was small enough to  be bench mounted or  to  fit within the 
environmental test chamber. 
2.3.1.3 Testing 
The test data of Phase I proved that the forces produced by attraction, 
although considered useful in a zero-g environment, were quite small (in the 
range of several hundred dynes) and would therefore be difficult to instrument. 
For the Phase I demonstration, a ping-pong ball was suspended in the ion cloud 
about 5 inches from the table. Its deflection towards the table was measured 
optically and the force calculated. It was reasoned that if the proper flow of 
ions is being generated, that fact will be evidenced by the presence of electo- 
adhesive force between the test disk and table. These electroadhesive forces 
were anticipated to be in the 1 to 30-gram range and much easier to measure. 
Therefore, the prototype testing was confined to the measurement of electro- 
adhesive force, either by the voltage bias method o r  with the ungrounded disk, 
in the force test fixture. 
2.3.1.3.1 
available for test and they were checked by the direct 300-volt bias method. 
Several different spots on each table were  tested and surface cleaning methods 
were experimented with. The average force of the test disk on the porcelain 
steel table was 3.2 grams and for the hard coat anodized aluminum table 46.0 
grams. There was  a rather high dispersion of readings which could not be 
attributed to the cleaning method. 
Initial Tests. The two prototype tables were the first items 
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Figure 11. Force Test Fixture 
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After the shield, ion source, support, and mounting bracket became 
available, they were assembled and connected to the laboratory high voltage 
supply. Tests were performed with voltages of 40, 50, and 60kv at atmospheric 
pressure and progressively moving the ion point back from the perforated cover. 
A grounded lead at the outside surface of this cover was used to assess the 
tendency to spark. Sparking ceased at a distance of 1.95 inches for 40kv, 
at 2.95 for 50kv, and continued at 3 . 4  inches ( m a .  available adjustment) for 
60kv. Since operation in the Skylab will be limited to 40kv at 5 psi, it was 
deduced that a distance of 2.43  inches would be satisfactory. The position of 
the ion emitter did not have an appreciable effect upon ttfoCusing't the ion beam 
at the work surface. 
4 
/" 
A period of familiarization with the operation of the force test fixture 
followed and the steps which seemed to be necessary to produce consistent 
results were developed. The basic measuring geometry and method of 
computing the electroadhesive force is illustrated in figure 12. It was 
possible that relative humidity and temperature could have a marked effect 
on the test results,  so  these cri teria were noted in subsequent tests. 
2 . 3 . 1 . 3 . 2  
compare the two prototype tables. Test disk locations were chosen in groups 
of two on both sides of the table center and along a horizontal center line. 
The entire fixture and prototype were then rotated 90 degrees with the measure- 
ment beam reinstalled on the new top side of the fixture. Thus, two series of 
test measurements could be taken at  90 degrees to one another. There were 
5 to 8 measurements taken at each location as  a variability as high as 2 to 1 
was sometimes observed. 
Table Comparison Tests. A series of tests were next run to  
Table 2 is a summary of the test data: 
Table 2.  Test Data Summary 
Measurement 
Position 
A 
€3 
C 
D 
E 
F 
G 
H 
Porcela ined/steel 
(Grams) (No. of Measurements) 
3.47 (5) 
3. 34 (8) 
3 .84 (7 ) 
1 . 6 5  (6) 
9 -11  (6) 
7 . 0 5  (7 1 
9 . 1 4  (6) 
10.64 (5) 
Anodized Aluminum 
(Grams)(No. of measurements) 
6.17 (7 ) 
4.09 (7) 
5 .62  ", (V 
2. 54 (6) 
6 .  53 (6) 
13.76 (6) 
13.20 (7) 
4.94  (6) 
These tests were run with 60kv on the ion source in an attempt to correlate 
results to those of Phase I. After each measurement, the test disk was reset 
to table contact by hand and a charging time of 30 seconds allowed before taking 
the next reading. A s  can be seen in the table, the apparent distribution varies 
widely and does not set a clear pattern. The lowest average reading for both 
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tables occurs at position "Dtl  which might imply that the ion supply is low in 
that region. Although these measurements were taken over a number of days, 
the room temperature was observed to vary less than 5°F and the relative 
humidity less than 10 percent. Calculating the overall measurement average 
for  the two tables, the porcelain/steel produced 5.8 grams as compared to 
7 . 1  grams for the hard coat anodized aluminum. 
of two minutes. The results showed variations just a s  wide and forces of less 
magnitude. 
An analysis of causes for the inconsistent measurements in the face of 
an improved test fixture, better test procedures, and more attention to test 
conditions revealed the following potential causes: 
Another but shorter ser ies  of tests was conducted with charging times 
a. 
b. 
d. 
e. 
f .  
g- 
C. 
h. 
i. 
Local variations in electroadhesive film thickness 
Local variations in film density 
Local variations in film roughness 
Local variations in film contaminants 
Variations in disk residual charge and rate of ion build-up 
Variation in ion cloud density 
Atmospheric effects such as  temperature, relative humidity, 
pressure, contaminants, or ionic content 
Secondary ionization 
Other effects as yet unidentified 
During this period, the search for instrumentation to assist  in evaluating the 
ion phenomena and the design developments was intensified. One instrument, 
the Static Meter No. CMI-7777 by Custom Materials, h c . ,  is said to measure 
static charges on surfaces and field strengths but did not prove to be of help 
in this application, perhaps because it is hand-held a few inches from the 
surface of interest and the ion cloud was blocked or disturbed. An a i r  
ionization indicator, built from experimental plans, was capable of detecting 
the presence of predominately positive or negative ions. Its sensing chamber 
wae large and attached to a box; its presence in the ion cloud created some 
distortion and precluded any other simultaneous measurements. Although, 
the latter instrument was not intended to give quantitative readings, it did 
indicate the ion wind effect (wave of ions) as the emitter is turned on or the 
voltage stepped upward. 
.C 
2 . 3 . 1 . 3 . 3  Prototype System Testing. When the prototype power supply 
became available and was incorporated in the system, excessive leakage was 
present around the top of the shield and also the previously noted inconsistency 
of test results was continuing. The first  problem was countered by modifying 
the shield-emitter configuration. The adjustable emitter feature was removed 
and the entire shield, emitter, block, cap, and high voltage cable interfaces 
were cemented to simulate the intended final design configuration. The emitter 
point-to-perforated cover distance was set a t  2.43 inches. 
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Secondly, it was theorized that an ion accelerator effect was needed 
(similar to the grid in a vacuum tube) and several configurations of wire grid 
external to the shield were tried without success. With the perforated cover 
removed, it was very evident that an ample supply of ions were being produced 
to the extent that everything in the vicinity became charged. This and the 
increase in power supply current had been noted in the Phase I Study. The 
conclusion was that the density of ions within the shield was building up a 
charge on the inside of the cover to  the point of choking the ion flow through 
the 1/8-inch holes and thence to the table. 
An intensive program was initiated to determine the requirements of 
an effective bleed system, A conductive grid pattern would have to be connected 
to ground potential through a high resistance. Many configurations were tried 
and included: simple crosses , square waves , and Greek crosses , both open- 
ended and closed as  well  as magnet w i r e  and copper tape. Because of the 
existing pattern of 1/8-inch holes and the circular boundary, it was difficult 
to design a bleed pattern that would have a uniform effect across the cover. 
There was some experimentation with patterns impinging on holes and with 
hole size but this was dropped because of practical considerations of fabrica- 
tion control. The Greek cross  combined simplicity and effectiveness when 
made of 1/8-inch wide copper foil. An optimum value of bleed resistance 
(about 10,000 megohms) was determined, as too much bleed would drain off 
useful ions and too little would permit choking. 
Experimentally, these patterns were cemented to the outside of the 
cover and insulated. They were tried internally also but were found to be 
too effective. From a practical standpoint the bleed conductor would have 
to be sandwiched with an external sheet of teflon using epoxy adhesive. 
Various thicknesses were tried and 0.010-inch proved to be the best 
compromise between an adequate insulation value and becoming less 
effective as  a bleed. This coverbleed design gave more consistent results 
at higher average forces than had been obtained &fore, although the 
repeatability problem had not been completely sohed. 
To aid in evaluating the bleed developmen some additional instrwnenta- 
tion was installed which enabled a readout of the b leed circuit current, the table 
bias current, and the power supply current. It was found that a low bleed and 
power supply current were desirable. A schematic of the current measuring 
circuits is shown in figure 13. A t  the same time the table current should be 
high as it implies that a good supply of ions a re  reaching the table. However, 
this is not a direct indication that electroadhesion will  occur as it is a function 
of many other factors. When operating at 40kv, typical values of current 
are: 0.15 to 0.30 microamps for the table and 1.8 to 3.0 microamps for the 
power supply and bleed circuit. 
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Another useful instrument is the electrostatic voltmeter (Singer 
No. ESH) fitted with a'probe made from a connector contact pin. The voltage 
gradient across the shield cover could be surveyed and compared with the 
potential at the inside surface of the cover. This became the basis of the only 
simple test that could be performed once the workbench is installed in Skylab 
to prove that ions are being produced and that the voltage selector switch is 
operational. With a probe modification, the electrostatic voltmeter was also 
used to  investigate the field potential from shield cover to table and the charge 
distribution parallel to the table. 
2.3.1.3.4 Other Testing. The following paragraphs describe other testing 
that was performed due to the results of the previous tests. 
a) Electrical Shock. During the testing described in paragraph - 
2.3.1.3.3, it was observed that under certain conditions an 
operator working within the ion cloud could experience an 
electrical shock comparable to touching a door knob after 
walking across a carpet in dry conditions. A grounding cuff 
was devised by using a metal watch band attached to a ground 
wire; this proved to be very effective. 
b) Electromagnetic Interference. A limited amount of electro- 
magnetic interference (EMU testing was conducted t o  establish 
the requirements for the 28-vdc line filters. Additional internal 
redesign and testing for EM1 reduction was not attempted for 
several reasons as it was not anticipated that the generated 
interference would be of a magnitude or bandwidth to cause a 
serious problem. The addition of new filtering components 
and/or the revision of existing components would most likely 
alter the desired functional characteristics and would require 
a new round of redesign and breadboarding. 
c )  Table Top Comparison. The three deliverable table tops produced 
under Phase I11 of the contract were tested and compared to the 
prototype table top using the prototype power supply and emitter. 
A fairly wide range of force values were recorded for all table 
tops, but the averages of the new tops were definitely lower than 
that of the prototype. The thickness of the hard coat anodize 
could not be reliably measured by available nondestructive methods; 
however, the associated test coupons indicated a slightly thicker 
coating on the new tops than the specified 0.002 inch of the proto- 
type. For this ser ies  of tests, numerous measurements were 
taken at one spot on each table, then the table rotated 180 degrees 
and measurements repeated at the new location. The effect of 
local surface cleaning was briefly investigated but results were 
not consistent. The average forces obtained in these comparative 
tests were as listed in table 3. 
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Table 3. Table Top Comparison 
Table Oriented Table Oriented 
Serial No. 1 
Serial No. 3 
25.2 
Each of the listed force values is the average of 4 to 8 individual readings 
taken at  each spot. The cleaning compounds used were  alcohol and freon. 
Note that, although the post-cleaning averages were always greater , the 
percentage increase ranged from 4 to 105 percent and the tables had been given 
an overall cleaning before any testing. 
d) Experiment Object. The test object to be assembled and dis- 
assembled under the influence of the M507 workbenches was a 
modified Bimba air cylinder. This object was chosen by the 
Principal hvestigator because it was composed of parts having 
a wide range of shapes and materials. A sample cylinder was 
disassembled and the component parts suspended at the table 
surface. A typical machine screw was treated in the same 
manner. Since some of these parts in certain orientations 
would present theoretical point or  line contacts to the table 
surface rather than an area of appreciable size, the electro- 
adhesive forces generated would be comparatively small. The 
regular motor-actuated force measuring feature of the force test 
fixture was not satisfactory. A hand held spring scale and care-  
ful attention to thread attachment proved to be an adequate method 
of measurement. The results of these tests a r e  presented in 
figure 14. 
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Other parts of the test object were also checked with their flat 
sides against the table; the rod sleeve (aluminum) produced 
10 grams, the piston and seal (stainless steel and buna rubber) 
11 grams, and the cap (aluminum) 12.8 grams. The spring 
guide (teflon TFE) was very difficult to instrument with threads 
for testing and useful results were not obtained. 
2.3.1.4 Safety Program 
2.3.1.4.1 Initial Philosophy. The testing and analysis reported in the 
Phase I Study covered electrical shock, radio interference, ozone production, 
ultraviolet and X-ray radiation, and flammability. Both the Principal 
Investigator and CCSD were of the opinion at  that time (May 1969) that this 
work was convincing and responsive to the known hazards. For this reason, 
a modest test and analysis effort was planned during the subsequent contract 
phases. 
In December 1969 NASA-MSC transmitted a critical review of the 
Phase I safety effort to MSFC who passed it on to CCSD. Basically, MSC 
believed that additional test proof was required. 
cation, CCSD developed plans for a ser ies  of tests to verify certain safety 
aspects and which were to be conducted in conjunction with a demonstration 
for interested parties. 
As a result of this communi- 
2.3.1.4.2 Interim Testing. Although CCSD realized the desirability of 
testing for the production of ozone and x-rays in an oxygen-rich 5 psi atmo- 
sphere, facility restrictions would not permit this exposure combination. 
Plant safety regulations ruled out the use of an oxygen-rich atmosphere within 
a pla t-installed pressure chamber. A simple chamber of approximately 
30 f t  volume was built and installed at the CCSD Remote Test Site. However, 
it was not capable of reduced pressure operation. A pre-mixed gas (do% 0 
ZO%N2) was introduced and circulated slowly by an integral fan. Ozone 
production was measured by a Mast Development Company ozone meter and 
recorder. X-ray film strips were attached to the test article which had been 
installed in its operational relationship. The test consisted of a 12-hour 
power-off baseline run followed by a 12-hour power-on run with the workbench 
operating at  its maximum capacity of 40kv. The ozone level built up to 
5 PPHM which was considered to be acceptable by most standards. However, 
the x-ray film produced no results and was subsequently declared defective 
by the furnishing laboratory. Details of this test a re  available in technical 
report TR-EE-70-41 ItOzone and X-ray Test Report for Gravity Substitute 
Workbench (Electrostatic) NASA Drawing No. 95M12015. 
!? 
2’ 
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2.3.1.4.3 Safety Review and Demonstration. A Safety Review and Demon- 
stration was held at CCSD on May 26, 1970 with 23 representatives from 
NASA -HQ, NASA -MSC , NASA -MS FC, and Chrysler attending. The principle 
of operation and configuration of the workbench was described and the results 
of the ozone/X-ray tests were presented. A demonstration of the prototype 
unit followed with electrostatic voltage and electroadhes ive force measure- 
ments. Some of the visitors participated in exploring the potential for 
electrical shock under intentionally worst-case conditions. The general 
concensus was that the CCSD effort to date had not satisfactorily demonstrated 
that the workbench was safe for flight use. Particularly damaging was the 
fact that MSC had made a new and highly detailed hazard analysis which was 
made known to CCSD only a few days prior to this review. MSC/Crew 
Systems categorically stated that even a minute shock was unacceptable, which 
would make an ankle or  w r i s t  grounding s t rap mandatory. 
2.3.1.4.4 
expanded safety plan that would be responsive to the new hazard analysis and 
the criticisms of the demonstration. Major changes in requirements involved 
longer exposure to oxygen-rich 5-psi environment while detecting production 
of ozone and X-rays, and an additional test for presence of ultraviolet. The 
ultraviolet was not considered a direct hazard to the astronaut but any radia- 
tion might falsely trigger the fire detectors being considered. A device to 
purposely induce electrical discharge was to be attached during test to create 
a worst-case condition. A grounding cuff was to be designed and evaluated. 
Methods of reducing the chances of touching the perforated shield cover were 
to be investigated. The effort to accomplish a program of this magnitude was 
obviously beyond the scope of work costed for the existing contract. The 
Safety Plan and its cost impact were submitted to the customer on July 9, 1970 
as  CCSD Proposal No. MI-148-A. Due to the funding increase required and 
with the continued flight status of the experiment in doubt, the proposal was 
never acted upon favorably. CCSD was officially notified on October 9, 1970 
that funding for this proposal would not be available. 
Expanded Program. The next step was the formulation of an 
2.3.1.5 Late Developments 
The problem of inconsistent electrostatic force measurements during 
the early prototype testing (ref. 2.3.1.3) has been described. The discovery 
that a choking effect on ion flow was occurring at  the ion shield cover and the 
bleed system developed to alleviate the problem was covered in paragraph 
2.3.1.3.3. Although a marked improvement in performance was noted, it 
was realized that the pressure of schedules did not permit optimization of the 
design. The incident which took place during the Qualification Test (see 
Appendix C), wherein nearly all evidence of electroadhesive force was lost 
when fresh suspension threads were installed, gave further indication that the 
available ions at the test disk were probably marginal and that the condition of 
the attaching threads was more critical than suspected. 
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CCSD was directed to complete their contract commitment of fabricating, 
testing, and delivery of the Qualification, Flight, and Back-up Units. Without 
interference with that commitment some additional testing was performed with 
the Prototype Unit in search of answers. 
2 . 3 . 1 . 5 . 1  On the theory that ions resis t  passing through small holes of any 
great length, the cover holes (1/8 inch diameter through 0.140 inch thickness) 
were countersunk from the inside surface, leaving only 0.010 to 0.020 inch 
of the original diameter intact. This modification resulted in a 10 to 15 per- 
cent improvement . 
2 . 3 . 1 . 5 . 2  A theory was proposed that the clean monofilament nylon thread 
collects sufficient (+) ions to deflect new ions away from the test disk. When 
the horizontal thread (through which test force is applied) was relocated to a 
point about six inches above the disk, a marked improvement in disk charge 
was indicated. However, this arrangement introduces a variance in measuring 
the force on the test disk because of the lateral force component which causes 
a sliding and peeling action on the disk. 
2 . 3 . 1 . 5 . 3  
insulated wire, woven to a 1/8-inch spacing. A s  compared to no cover at all 
with a table current of 1 . 5  microamps, this cover produced a current of 
1 . 3  microamps, and also operated just as well with the bleed lead circuit open. 
An experimental cover was constructed of No. 28 gauge teflon 
A simulated multiple emitter was constructed by adding four copper 
wire points to the original emitter. This produced a table current of 2 . 0  micro- 
amps. 
These results were encouraging and, although the development testing 
to date has been limited, they indicate that considerable improvement in 
performance can be achieved. 
2 . 4  PHASE I11 FABRICATION AND QUALIFICATION 
This part of the discussion is organized to reflect the principal subjects 
covered in the contractual Scope of Work. 
2.4..1 Deliver able Units 
Three identical units were fabricated to released documentation; these 
were identified by the names Qualification Unit, Flight Unit, and Back-up Unit. 
Minor differences did occur internally, mostly due to changes in processing, 
without any significant effect on performance. To ensure the fabrication of 
identical units, several CCSD internal procedures were issued. One document 
detailed the routing of parts and assemblies from raw stock or purchased 
finished part to final unit assembly and test. A second document issued a 
ser ies  of process sheets. When an operation involved an in-process test, the 
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test requirements were spelled out in detail on an auxiliary procedure. An 
additional aid was provided by graphically depicting these operations on a 
schedule chart and clearly showing the sequence and interrelations of events. 
A third document specified the action and control forms that were to be used 
and their routing through the appropriate organizational elements. 
2.4.2 Electrostatic Workbench 
2.4.2.1 Quality Assurance Requirements 
would satisfy the requirements of NASA Quality Publication NPC 200-3, 
"Inspection System Provisions for Suppliers of Space Materials, Parts, Com- 
ponents, and Services. ' I  A responsive Inspection Plan was drafted and sub- 
mitted to MSFC for approval in December of 1969. A few minor revisions 
were incorporated by request and approval was granted on March 11, 1970. 
The Inspection Plan is included in this report as  Appendix A. 
The contract required Chrysler to maintain an inspection system that 
' 
2.4.2.2 Reliability Requirements 
The parts and materials selected during the design phase remained 
essentially the same. Minor changes were made to metallic specifications 
because of availability problems. Revisions to the high voltage diodes, such 
as  increasing the molded body dimensions and improvements in manufacturing 
techniques and controls , were directed towards increasing the reliability. 
These changes were  not handled by ECP/SCN as formal documentation approval 
was not involved. 
Equipment logs on format MSFC-LH Form 2A were initiated for each 
of the deliverable units at a point where the high voltage module began to 
assume an identity as  an assembly. They were maintained up to MSFC 
acceptance of the completed unit. 
Failures or  malfunctions outside of specification which occurred during 
the fabrication and testing of each unit were recorded on Inspection Squawk 
Sheets. Analysis of such failures was performed prior to disposition recom- 
mendation and consideration of the need for corrective action. A Reliability 
Report is included as  part of Appendix B. 
was in close agreement with an independent FMECA performed by MSFC 
personnel. The FMECA is duplicated as  Appendix B of this report. 
A Failure Mode Effects, Criticality, and Analysis study was made and \ 
2.4.2.3 Test Requirements 
2.4.2.3.1 Qualification Test. In the development of the IIQualification Test 
Spec if ic at ions and Procedures fo r  Electrostatic Grav ity Substitute Workbenc hl 
document, the I'Cluster Requirements Specification No. RS003M00003-OWS 
Design Requirements'' was used as a guideline. Certain of these environments 
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were not considered to be applicable while others were planned to be covered 
a s  part of the Safety Program. Those qualification test exposures which were 
chosen as most critical were: electromagnetic interference (EMI), high and 
low temperature soak, reduced pressure soak and 5 psi operation, and vibra- 
tion. A draft of this document was submitted to MSFC for approval on 
July 22, 1970 and approval was granted on August 21, 1970. Appendix C 
contains a copy of this specification. 
2 . 4 . 2 . 3 . 2  Acceptance Tests. The contract also required that the functional 
acceptance tests were to be approved by MSFC prior to their use for deliverable 
hardware. It was decided to incorporate these as Appendix I of the Qualifica- 
tion Test Specification and Procedure. These tests were divided into two 
groups: those which could logically be applied to the Power Supply at that 
stage of fabrication and those which could be applied to the final workbench 
configuration. One of the latter tests is suitable for in-plant checkout where 
the force test fixture must be used, while the other requires only an electro- 
static voltmeter and probe; this could be employed at any location including 
the Skylab installation. 
2 . 4 . 2 . 4  Configuration Control 
It is of interest to note that the normal relationship of formal reviews 
to contract activity did not exist on this project. The Preliminary Design 
Review which normally is concerned with preliminary specifications and 
requirements prior to concept layouts did not occur until four months after 
the final design was essentially complete. The Critical Design Review con- 
siders the completed design documentation and, if satisfactory, results in 
approved drawings to be released for the fabrication of deliverable hardware. 
This review never occurred although a CDR for the Skylab system was held 
in mid-September 1970; Chrysler did not attend. The Configuration Inspection 
usually is scheduled just prior to hardware delivery. -cause of the experiment 
status at  the time, this activity became an informal inspection and provisional 
acceptance prior to delivery. 
not compatible with the required fabrication schedule. Consequently, it was 
agreed that, after a review of a drawing or  specification by the Principal 
Investigator and informal approval, the documentation would be given an 
advanced release for procurement and/or fabrication. Any necessary changes 
would be recorded as drawing revisions and handled through normal release 
channels but without formal ECP change paper. The document to be released 
was transmitted to the Configuration Control activity with release instructions. 
Generally, the make-or-buy decision was made by prior agreement between 
the Purchasing Agent and the Project Supervisor and in the light of prototype 
experience. Because of schedule and cost factors, most release had to be for 
total quantity requirements even though the r i sk  of future changes was a rea l  
threat. Configuration Control issued a Release Memo with prints to the 
It was recognized early in the program that the scheduled CDR date was 
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scheduling, follow-up,. and procurement activities or to manufacturing as  
appropriate. Control of release status was maintained by Configuration Control. 
If Quality Requirements (QR’ s) or Quality Control Instructions (QCI’ s) were 
required, they were generated and applied by the Quality and Manufacturing 
Engineering activities. As fabrication progressed, a Build Configuration List 
was issued for each deliverable unit and updated as required. 
2.4.2.4.1 The Preliminary Design Review. This review was convened in 
Pre-Board session on March 4, 1970 at MSFC and was attended by CCSD in 
support of the P. I. The entire M507 Experiment was covered by specialty 
such as structures, mechanical, materials, fluid and thermal, electrical, 
test, reliability and quality, human factors, crew integration, and documen- 
tation. Although much of the final documentation had been completed by this 
t h e ,  the items reviewed were the Contract End Item Specification and the 
Experiment Integration Document. Both documents were very detailed and 
the majority of the Review Item Discrepancies (RID’S) were attributable to 
e r r o r s  or  inconsistencies between the two documents. Several RID’S required 
the furnishing of additional information by CCSD and a few were directed to  
safety aspects which were to be handled at  a later date. The Formal Board 
met on March 26, 1970 and established final disposition on all outstanding 
RID’ s . 
2.4.2.4.2 
This review was held on June 24, 1970 with CCSD in attendance. It was 
established that no special handling or  installation equipment would be 
required. Two changes did result from this review: 
light was incorporated and the functional title VOLTAGE SELECTOR was 
added. CCSD made it known that the only piece of ground test equipment 
needed to indicate electrostatic operation would be an electrostatic voltmeter 
and probe capable of 50kv. 
The Experiment Integration Test Requirements M507-Review. 
a VOLTAGE ON pilot 
2.4.2.5 Operation, Maintenance, and Handling Procedure 
A separate document for this specific purpose was not created. The 
operating procedure is clearly stated in the Contract End Item Specification 
and the workbench does not require servicing, maintenance, or  calibration. 
Other applicable instructions a re  either simple and self-evident or  require 
no spec ial attent ion. 
2.4.2.6 Training Requirements 
agreed at the outset that the Qualification Unit may be used for experiment 
hardware familiarization. 
Chrysler was not required to make any inputs on this subject. It was 
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2.4.2.7 Experiment Hardware Support Requirements 
This support was defined in the Contract End Item Specification 
which CCSD contributed. 
2.4.2.8 Post -Delivery Support 
pletion to be included in its scope. 
2.4 .2 ,9  $hipping Containers 
The original concept was to package the table top in one container and 
the remainder of the Electrostatic Workbench in a second box. This was dis- 
carded in favor of a single container to save shipping weight and construction 
cost and also to eliminate the possibility of two containers getting separated 
during shipment or  handling. Although there was no requirement to formally 
document the container design, it had to be reusable and generally meet the 
intent of MSFC-STD-343A for shipment of electronic equipment by commercial 
car r ie r  . 
This support would be required at a time too long after contract com- 
A l l  workbench subassemblies a re  enclosed in a sealed vapor barr ier  to 
maintain cleanliness. The table top is preattached to one container side by its 
three storage brackets. The ion shield is attached by its bracket and the power 
supply by its mounting base to a plywood panel in much the same manner as  
in operational configuration. This panel is cushioned by rubberized hair and 
attached to the container bottom. The Data Package is protected by a vapor 
proof bag and is attached to the inside of the container. Both unmated 
connectors a re  guarded by plastic connector protectors. The table cable is 
coiled, wrapped, and secured. A l l  container sides a r e  constructed of 
1/4-inch plywood, reinforced with 1 by 2-inch stringers and the container 
assembly is by screws, resulting in a s ize  approximately 16  by 28 by 28 
inches. Two views of the container during packing of the Workbench a r e  
shown in Figures 15 and 16. The shipping weight is approximately 65 pounds. 
2.4.2.10 Storage Container 
The storage container concept developed as discussed in paragraph 
V. A ,  3. a and b became the three-bracket design. 
2.4.2.11 Spares Requirement. 
It became evident as  the workbench preliminary design evolved that 
the type of construction required to cope with the high voltage and induced 
environments would not be compatible with any degree of component replace- 
ment. This became a design goal: to create the design to minimize or  
eliminate the need for spares. The only spare to be provided is the Back-up 
Unit complete assembly. One option is available, however: the Back-up 
Unit can be Qubstituted for the Flight Unit or the table top and electronic 
subassemblies can be substituted individually. 
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i .  
Figure 15. Shipping Container - Vapor Barrier Removed 
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2.4.3 Aerodynamic Workbench 
,2.4.3.1 Engineering Support 
The original vellums of all drawings and parts lists created for this 
dsslign were shipped to MSFC in May 1970. Since that time, several EO’S 
have been written by MSFC and comments on them were made. During 
build-up of the Qualification Unit at MSFC, a few questions have arisen on 
material call-outs which were answered by CCSD. Comments were also 
made on the Aerodynamic Workbench Qualification Test Specification drafted 
by MSFC. 
2.4.3.2 Formal Reviews 
Support was furnished to the Principal Investigator at the PDR as 
stated in paragraph 2.4.2.4. The principal effect on the Aerodynamic 
Workbench design emerging from this review was the requirement for a 
protective exit screen and the electrically bondable interfaces. 
Experiment Integration Test Requirements Review. Although it is easy to 
tell by observation that the motor and fan a re  working, the effect of the motor 
speed control is not necessarily obvious. It was decided that a strobotac 
would be proposed as ground test equipment so that the specified speeds 
(compensated for sea level conditions) could be checked. 
There were no special installation or  handling tools identified at the 
2.4.3.3 Operating, Maintenance, and Handling Procedures. 
tion, the same as for the Electrostatic Workbench. The design is such that 
servicing, maintenance, and calibration are not required. There a re  no 
provisions for adjustment once the fabrication and assembly is completed. 
Consultation and the furnishing of information during the writing and revision 
of the CEISpecification were the contributions made by CCSD on this subject. 
The operating procedure is stated in the Contract End Item Specifica- 
2.4.3.4 Post Delivery Support 
This support would be required too long after contract completion to be 
included in its scope. 
2.4.3.5 Shipping Containers 
Several preliminary concept sketches were made and submitted to 
MSFC. The P. I. decided to utilize the packaging manpower available at 
MSFC, and Chrysler was not further involved. 
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APPENDIX B 
FAILURE MODE EFFECTS CRITICALITY ANALYSIS 
RE LIABI LIT Y REPORT 
9 April 1970 
ELECTROSTATIC WORKBE NCE ELECTRlCA L SUBSYSTEM 
POWER sirppLy FMEA 
A prejimhiary failure modes and effects analysis on the power supply of the 
electrostztic workbench subsystem is detailed in this document. This analysis 
provides additional infcrmatioii coiicerning the failure effects on the 31507 experi- 
ment and methods of failure detection, 
T!ie pov;er supply is divided into three sections as shoun in Figure 1, The 
inve rk r  section conwrts  23 volts DC to 20XC. The low voltage section converts 
ZOKC to -300 voits DC, and the high voltage section converts 20KC to 40,000 volts 
DC. 
Reliability block cliagratris aiid che F N E A  of the throe power supply swlions 
a re  in Parts I, 11 and III. T h e  coiiipoiicnts in the analysis a re  numbered as shown 
on Drawing 95RI12026 , 4G?tV/SOOV Power Supply. 
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,PART I 
ELECTROSTATIC WORKBENCH ELECTRIAL SUBSYSTEM 
POWER SUPPLY INVERTER 
FMEA 
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INTER COMPANY CORRESPONDENCE. 0 I FILE I DATE 
TO - NAME M P T .  DIVISION 
P. E. Theobald 2730 Space 
J. W. Christopher 2720 Soace 
DIVISION FROM - NAME DEPT. 
WANTIOFFICE 
Michoud 
Michoud 
PUNTIOFFICE 
Reliability Report 
a. Failure History 
The high voltage diode (10DF5) (CR8 through CR35) is the only 
component with a significant failure history. Enclosure 1 is 
a summary of the failure history. 
b. Corrective Actions 
Various corrective actions to improve the diode have been imposed 
on both the vendor and CCSD. These corrective actions included: 
the use of x-ray by both the supplier and CCSD, the use of a more 
flexible varnish, mold rework and vacuum potting by the supplier, 
the use at CCSD of prepotting with epoxy to about 1OX volume. 
,y Reliability &Logistics hgineering 
JWC:ec 
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84- iio-rn79 REV. 1-63 
Enclosure 1. 
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Lot No. Date 
1 5/4/70 
3 
4.  
51 19/70 
6/ 15/70 
6/25/70 
7/22/70 
HIGH VOLTAGE DIODE (lODF5) FAILURE DATA 
PN-95M12037 
(a) 28 diodes rece ived  out  of vendor screened 100. 
(b) 4 f a i l e d ,  e l e c t r i c a l l y  open. 
(1) S/N 33 and 36 were s e n t  t o  vendor f o r  
f a i l u r e  ana lys i s .  
(2) S/N 12 and 15 were sec t ioned  by CCSD. 
N o  knowledge t o  da t e  on cause of f a i l u r e s .  
(c) 2 were e l e c t r i c a l l y  acceptable  but  were excluded 
f o r  mechanical d e f e c t s  de tec ted  on x-ray f i l m .  
(d) Squawk No. ESWB-0005. 
PN-95M12037A 
(a) 36 diodes rece ived  out  of vendor screened 50. 
(b) S/N 9,  10, 17, 26, 37 f a i l e d  e l e c t r i c a l l y  open 
o r  sho r t ed ,  they  are a t  CCSD. 
(c) 36 examined by x-ray. 
(d) Squawk No. ESWB-0007. 
PN- 95M1203 7A 
(a) 18 diodes rece ived  out  of vendor screened 19. 
(b) S/N 3, 8, 18, 19,  21, 22 f a i l e d ,  open o r  
sho r t ed ,  r e tu rned  t o  vendor. 
(c) Squawk No. ESWB-0010. 
PN-95M12037A 
(a) 35 diodes rece ived  out  of vendor screened 35. 
(b) S/N 22 open; S/N 15, 28 shor ted .  
(c) Returned t o  vendor. 
(d) Squawk No. ESWB-0013. 
B-23 
Lot No. Date 
5 7/15/70 
7/22/70 
PN-95M1203 7 
(a) 73 received out of vendor screened 87. 
(b) S/N 3, 21, 25, 32, 35, 47, 73, 77 f a i l e d  
e lectr ical  tests. 
(c) S/N 4, 26, 56, 65, 37 a l so  f a i l ed .  
(d) Returned t o  vendor. 
(e) Squawk No. ESWB-0017. 
6/3/70 HIGH VOLTAGE MODULE 
Date Code - S/N PN-95M12022/95M12037 
(a) CR9, CR12, CR26, CR33 were found shorted 
CR9 0 18 1 a f t e r  pott ing.  S/N 1, 13, 34, 17 .  
CR12 018 13 
CR26 018 34 (b) Potted u n i t  scrapped. 
cR33 0 20 17 
(c) Squawk No. ESWB-0008. 
SUMMARY 
190 10DF5 diodes were received a t  CCSD. 35 o r  18% 
of these f a i l ed .  
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APPENDIX C 
QUALIFICATION TEST REPORT 
ABSTRACT 
This document presents the test procedures and results of tests performed on 
the Electrostatic Gravity Substitute Workbench to establish its qualification for 
use in the Skylab Experiment M507. 
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FOREWORD 
The tests reported herein were conducted for the Marshall Space Flight Center 
by Chrysler Corporation Space Division (CCSD), New Orleans, Louisiana. This 
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tion was provided by Mr.  J .  B. Rendall, S&E-ME-MX of the Marshall Space 
Flight Center in his capacity as Principal Investigator for Skylab Experiment 
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QUALIFICATION TEST REPORT 
FOR A N  
ELECTROSTATIC GRAVITY SUBSTITUTE WORKBENCH 
NASA DRAWING NO. 95M12015 
1.0 OBJECT 
The object of the test program was to establish qualification of the Electrostatic 
Gravity Substitute Workbench (EGSW) for use in the Skylab Experiment M-507. 
2.0 CONCLUSIONS 
The EGSW is considered to have passed the environmental tests. Two facts were 
conclusively demonstrated: 1) There were no serious structural weaknesses in 
the design, and 2) The electronic assembly successfully withstood all test environ-. 
ments. 
The following anomalies were encountered: 
a. 
b. 
C. 
d. 
During the vibration test a spring pin on the adjustable storage 
bracket was found to have been sheared. This was attributed to 
the application of excessive torque while tightening the thumb 
screw. It was replaced and testing continued without recurrence 
of this problem. Thereafter technicians were careful not to 
exceed the torque specified. 
A weakened bond between the ion shield and connecting block was 
observed after the first vibration test. No corrective action was 
taken and the condition did not worsen during the remainder of 
the tests. There was no structural or  functional failure. 
A weakened joint between the fiberglass support rod and the 
ion shield block was observed about midway through the testing. 
No corrective action was taken and the condition did not worsen 
during the remainder of the tests. There was no structural or  
functional failure . 
A t  the s tar t  of the altitude test, electroadhesive force measure- 
ments showed little o r  no pull on the test disc. This problem 
was not caused by the environmental test exposures. The force 
test fixture and method of attaching to the test disc a re  major 
factors affecting ion flow to the disc. 
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3.0 RECOMMENDATIONS 
Although the EGSW is considered to have passed the environmental tests, further 
effort should be expended to resolve the problems encountered during the various 
electroadhesive force measurement tests. 
4.0 DISCUSSION 
4.1 Test Article Description 
Figure 1 illustrates the EGSW unit which was used in all qualification testing. 
The unit was built specifically for this purpose, and is called the Qualification 
Unit. It was fabricated to the documentation defined by drawing 95M12015, 
Electrostatic Workbench Assembly, and employed the same procedures as used 
for  the flight and backup units. 
4.2 Tests 
Qualification testing was performed in accordance with the Qualification Test 
Specifications and Procedures for an Electrostatic Gravity Substitute Workbench 
(appendix B). 
To clarify the sequence of all testing, both functional and environmental and 
points of inspection, Quality Control Instructions (QCI’s) were prepared and are 
included as appendix C. 
4.2.1 Functional 
Functional tests were conducted,at ambient conditions, prior to environmental 
exposure and after each environmental exposure. Functional tests consisted of 
an electrostatic voltage test and electroadhesive force measurements. These 
are described in paragraphs 3.3.1 and 3.3.2 of appendix I to the Qualification 
Test Specifications and Procedures. A photograph of the force test fixture is 
shown in figure 2, and a schematic of the suspension geometry is illustrated in 
figure 3. 
4.2.2 Electromagnetic Interference 
The electromagnetic interference tests, because of the manner in which they 
a re  usually conducted and reported, are detailed and the results recorded in 
appendix A.  
,; 
2 
3 
Figure 2. Force Test Fixture 
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4 . 2 . 3  Low Temperature 
The EGSW was placed in the low temperature chamber and functional tests were 
successfully performed at  ambient conditions. (See data sheets 4-1, 4-2, and 
4-3, appendix D.) 
The chamber was then closed and the temperature lowered at a rate of 10.F 
each five minutes until the chamber temperature reached -50*F, where it was 
allowed to stabilize for approximately 95 hours. The temperature was raised to 
ambient conditions at the rate of 10.F each five minutes and allowed to stabilize 
for approximately four hours before the chamber was opened. (See temperature 
recorder chart 5-1, appendix D.) 
The post-low temperature and pre-high temperature functional tests were 
performed and results a r e  shown on data sheets 6-1,  6-2 ,  and 6-3 of appendix D. 
The electroadhesive force measurement was satisfactory but the electrostatic 
field voltage did not meet the specified requirement. In switch position 1 the 
reading was 1.5KVy and in switch position 2 the reading was 6.4KV, whereas 
the minimum requirement was 3KV and 8KV, respectively. Since the corres- 
ponding electroadhesive forces were good, it was felt that the system was 
functioning satisfactorily and that the minimum electrostatic field voltage require- 
ment should be lowered. This was accomplished by changing the requirement to 
a minimum of 1.3KV and 6. OKV for switch positions 1 and 2 ,  respectively. (See 
Inspection Squawk Sheet No. ESWB-0037, appendix E . )  
4 . 2 . 4  High Temperature 
The EGSW was then moved to the high temperature chamber. The temperature 
was raised at  the rate  of 10'F each five minutes until the chamber temperature 
reached 160'F where i s  was allowed to stabilize for 48 hours. Chamber 
temperature was then lowered to ambient at  the rate of 10'F each five minutes. 
Throughout the high temperature exposure period, relative humidity was 
maintained below 15 percent. For a record of the dry-bulb and wet-bulb 
temperatures, see the recorder charts 7-1 and 7-2, appendix D. 
The following morning the EGSW was moved back to the low temperature 
chamber where the functional test had been performed; the functional test was 
then successfully repeated. (See data sheets 8-1,  8-2,  and 8-3, appendix D.) 
4 . 2 . 5  Altitude 
A t  this stage, modifications had to be made and checked out before running 
functional tests remotely with the equipment inside the altitude chamber at 
reduced pressure. This involved operating and resetting the pull mechanism 
permanently fastening an electrostatic voltage pick-off at the ion shield cover, 
installing thermocouples for chamber temperature and for power supply case 
temperature, providing for remotely operating selector switch S2,  and of course 
running electrical and hydraulic power and control leads through the bulkhead. 
The remotely controlled selector switch,employing a hydraulic servo system, 
was the most elaborate setup used. 
6 
During the installation and checkout of the remote control system it was noted that 
the suspension strings in the force fixture were becoming worn. These cotton 
threads , which had little strength, were replaced by fiberglass multifilament 
thread. 
In checking out the system prior to the formal pre-altitude functional test it 
was found that, though the electrostatic voltage readings were satisfactory, 
the electroadhesive pulls were extremely poor. After several days of diag- 
nostic testing, it was discovered that dampness on the threads appeared to 
be a factor in achieving successful pulls. Due to the limited testing time avail- 
able, it was decided to proceed with testing without regard to out-of-tolerance 
electroadhesive pull measurements. 
The pre-altitude test was performed. The electrostatic voltage test passed; the 
electroadhesive force measurements failed. (See data sheets 11-1, 11-2, and 
11-3, appendix D.) The test discrepancy is documented in Squawk Sheet No. 
ESWB-0040, appendix E. 
Chamber pressure was gradually lowered to the maximum capability of the 
chamber. The pressure was maintained for 8 hours between 1.6 x 
1 . 4  x lo-$ mm of mercury. This minimum pressure did not meet the specifi- 
cation and is documented by Squawk Sheet No. ESWB-0045, appendix E. 
and 
The pressure was then raised to 258 mm of mercury where it was allowed to 
stabilize. The power was turned on and the temperature of the power supply 
case was monitored. The case temperature reached a maximum of 112'F (a 
temperature rise of 20.F over the chamber ambient). 
After one hour of operation with the power on, a functional test was performed. 
This was the same as previous functional tests except that the table could not 
be reoriented, and currents could not be read. The electrostatic voltage test 
was satisfactory; the electroadhesive force measurements failed. (See data 
sheets 15-1 and 15-2, appendix D. ) The failure is documented by Squawk Sheet 
No. ESWB-0041, appendix E. 
After completion of the functional testing at  258 mm of mercury, the pressure 
was raised to ambient, and another functional test performed. The electrostatic 
voltage test passed; the electroadhes ive force measurements failed. (See data 
sheets 16-1, 16-2, and 16-3, appendix D.) The failure is documented by Squawk 
Sheet No. 0042, appendix E. This completed the altitude testing. A plot of the 
pressure/altitude history during the test is shown in figure 4. 
4.2.6 Vibration 
Vibration testing was divided into four vibration modes as follows: 
a. Vehicle Dynamics (Sinusoidal Sweep) 
b. Sinusoidal Evaluation (Sweep) 
c .  Liftoff Random 
d. Boost Random 
7 
mm He - 
8 
Vibration was applied in each of the three perpendicular axes in each mode. 
Figure 5, which shows the EGSW mounted in the workshop in the stored configura- 
tion, defines the three vibration axes. Since the fixture is not capable of handling 
the table top, the ion shield and power supply at the same time, two setups were 
required for each axis of each vibration mode. 
Figure 6 shows the power supply and ion shield mounted in the flight axis. Note 
that the table top is not being vibrated, although the connector to the power supply 
is attached. The next step was to remove the power supply and ion shield and 
install the table top mounted in its Skylab storage brackets. Altogether, 24 vibra - 
tion runs were required to complete the vibration requirement. 
Because of the extremely low vibration levels involved, levels a t  which the 
electromagnetic shaker cannot be controlled, there were certain portions of the 
vibration test requirements that were beyond the capability of the laboratory 
vibration equipment. These test levels were omitted and are  documented by 
squawk sheets, appendix E. The omitted portions, with the applicable squawk 
sheet referenced, are as  follows:’ 
a. 
b. 
C. 
Vehicle Dynamics Criteria 
Flight Axis 
3-5Hz at 0.43-inch D. A. 
Ref: Squawk Sheet No. ESWB-0046, sheet 1 
Vehicle Dynamics Criteria 
Both lateral axes 
Complete Specification 
Ref: Squawk Sheet No. ESWB-0046, sheet 3 
Sinusoidal Evaluation Criteria 
~- 
A l l  Axes 
20-100 Hz at 0.002 inches D.A. 
Ref: Squawk Sheet No. ESWB-0046, sheet 5 
The vibration levels performed are a s  follows: 
a. Vehicle Dynamics - Sweep Rate: 3 octaves/minute 
Flight Axis Only 
5 to 7 Hz at 0.43 inches D.A. 
7 to 14 Hz at 1.1 g peak 
14 to 25 Hz at 0.11 inches D. A. 
25 to 60 Hz at 3.6 g peak 
b. Sinusoidal Evaluation - Sweep Rate: 1 octave/minute 
A l l  Axes 
100 to 2000 Hz at 1.0 g peak 
9 
28 VDC INPUT 
PERPENDICULAR A X  IS 
T A N G E N T I A L  AXIS 
Figure 5. EGSW - Stored Configuration 
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c. Liftoff Random - Duration: One minute per axis 
Flight Axis 
2 20 to 30 Hz at 0.10 g /Hz 
30 to 1000 Hz at -3 db/octave 
1000 to 2000 Hz at 0.003 g2 /Hz 
Composite = 4.1 gas 
Tangential to wall 
2 20 to 100 Hz at 0.10 g /Hz 
100 to 2000 Hz at -3 db/octave 
2000 Hz at 0.005  HZ 
Composite = 6.2 grms 
Perpendicular to wall 
20 to 100 Hz at -3 db/octave 
100 to 2000 Hz at 0.006 g2/Hz 
Composite = 3.5  gmS 
d. Boost Random - Duration: 2 minutes per axis 
Flight Axis 
2 20 to 30 Hz at 0.025 g /Hz 
30 to 1000 Hz at -3 db/octave 
1000 to 2000 Hz at 0.0007 g2 /Hz 
Composite = 1.9 grms 
Tangential to wall 
2 20 to 100 Hz a t  0.025 g /Hz 
100 to 2000 Hz at -3 &/octave 
2000 Hz at 0,0012 g2/Hz 
Composite = 3.1 gms 
Perpendicular to wall 
2 20 to 2000 Hz at 0.0075 g /Hz 
Composite = 3.9 gmS 
An electrostatic voltage test was performed prior to any vibration test and after 
each axis of each vibration mode; i.e., after each pair of vibration runs con- 
sisting of the power supply and ion shield, and table top. After the final vibration 
run the electroadhesive force measurements were performed in addition to an 
electrostatic voltage test. The electrostatic voltage tests were all successful. 
(See data sheets 18, 23, 33, 38, 43, 48, 53, 58, 63, 68, 73, and78-1, appendix D.) 
The final electroadhesive force measurements were again a failure. (See data 
sheet 78-2 and 78-3, appendix D.) Squawk Sheet No. ESWB-0052, appendix E, docu- 
ments the failure of the force measurement test. Of course this failure in the force 
measurement test cannot be attributed to vibration, since the same symptoms were 
evident prior to  vibration testing, 
4 ’  
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There were three items noticed by visual inspectfa at various t h e a  during the 
vibration sequence. ' 
After the vehicle dynamics sweep in the  flight axis, it was 
noted that the bond between the ion shield and the teflon 
block had weakened. This area was carefully watched 
during subsequent vibrations and no propagation of the 
damage was found. There was apparently enough strength 
in the remainder of the bond as well as in the three screws 
holding the parts together to retain structural integrity. (See 
Squawk Sheet No. ESWB-0046, sheet 2, appendix E.) 
When the table top was being mounted for the sinusoidal 
evaluation test in the tangential axis it was found that the 
spring pin which secures the knob to the threaded shaft 
in the adjustable storage bracket had sheared off. No 
evidence of failure due to vibration was discovered. It 
is felt that it occurred from excessive torque in tightening 
the clamp onto the table top and a limiting torque value 
has been added to the applicable drawing. (See Squawk 
Sheet No. ESWB-0046, sheet 4, appendix E.) 
Finally, after the liftoff random test in the tangential 
axis, the joint between the fiberglass support rod and 
the ion shield block appeared to have a small amount of 
torsional looseness. These two parts are held together 
by means of a press f i t  and a teflon dowel pin. This 
weakening was assessed as  being minor, and sufficient 
structural integrity remained. Squawk Sheet No. ESWB- 
0046, sheet 6 ,  appendix E reports this deviation. 
Table 1 summarizes the vibration sequence. 
vibration plots for  the sinusoidal sweep tests 
density plots for the random vibration tests. 
Qualification Test Log. 
Appendix F includes recorded 
as well as the power spectral 
See appendix G for a copy of the 
4.2.7 Force Test Fixture Anomaly 
As noted in paragraph 4.2.5, during the altitude test sequence the test disk' 
suspension threads were replaced and it was immediately noted that very little 
o r  no force could be measured. There a re  two methods of creating electro- 
adhesive force between the test disk and the table surface: a direct application 
of a 300 vdc bias between disk and table, and by establishing a charge on the disk 
by supplying it with (+) ions from the emitter. The latter method is the one 
desired and requires that the disk suspension thread and horizontal pull thread 
be non-conductive. These threads become partially conductive when contaminated 
with foreign materials and/or moisture and the system begins to function as in 
the bias method. This is evidently what had happened and when fresh, dry thread 
was substituted, insufficient ions were being supplied t o  the test disk to create 
the desired force. 
13 
Table 1. Vibration Sequence Chart 
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APPENDIX A 
ELECTROMAGNETIC INTERFERENCE TEST REPORT 
FOR THE 
E LECTR OS TAT I C  GRAV ITY SUBS T I TLJTE WORKBENCH 
T se 
1 .
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
GENERAL 
Purpose of  Test 
The test  was performed t o  d ~ t @ ~ i n e  t h e  l e v e l s  of  e lectromagnet ic  i n t e r -  
f e rence  (EMI) generated by the Gravi ty  S u b s t i t u t e  Workbench ea required 
by MIL-I-6181-D and a s  ou t l ined  i n  t h e  "Qua l i f i ca t ion  Tes t ,  Spec i f ica-  
t ions  and Procedures" f o r  t he  Gravi ty  S u b s t i t u t e  Workbench (Electro-  
s ta t ic)  E.M.I. T e s t  P lan ,  Appendix II. 
Test Swnple 
The test sample was an E l e c t r o s t a t i c  Workbench Assembly, (Pa r t  No. 
95M12015) S e r i a l  Number 'Qual Unit" and as l a t e r  modified by r ep lac ing  
t h e  ion  s h i e l d  bleed covet  and s u b s t i t u t i n g  the  pro to type  tab le top .  
Date of Tes t  
The test  was performed on August 27th and 28th, and September 14th 
and 15th ,  1970. 
Test Conductor 
The t e s t  was conducted by E. kukawski, Chrysler  Corporation Space 
Div is ion  (CGSD) 
Tes t  Witnesses 
The test was witnessed aucheux and C.  K. Johnson, CCSD 
Qual i ty  Control  end 8. 
m i n i s t r a t i o n   SA^ Qua t ro l  D ~ p a ~ t m e n t *  
Test Locat ion 
The test was conducted i n  the sh3 c losu re  loca t ed  i n  the E lec t ro -  
magnetic I n t e r f e r e n c e  Lab0 
~ ~ h ~ r n ~  Nat io al  Aeronautics and Space Ad- 
ud A s 8 ~ b l y  F a c i l i t y .  
1.7 
1 .a 
1.8.1 
1.8.2 
2. 
2.1 
The enc losure  i s  a double e lectromagnet ic-shielded enclosure c e r t i -  
f i e d  by t h e  Shie ld ing  Divis ion o f  Shie ld t ron ,  Inc . ,  i n  November 1963. 
D i s p o s i t i o n  o f  Specimen 
The tes t  specimen was used f o r  t h e  remaining q u a l i f i c a t i o n  t e s t s .  
Summary 
Conducted I n t e r f e r e n c e  Measurements 
The leve l  of conducted i n t e r f e r e n c e  detected on both input  leads was 
f a r  below t h e  s p e c i f i c a t i o n  l i m i t s .  
Radiated I n t e r f e r e n c e  Measurements 
The level  o f  r a d i a t e d  i n t e r f e r e n c e  measured from 0.15 mhz t o  1.0 mhz 
exceeded t h e  s p e c i f i c a t i o n  l i m i t  by approximately an average of 20 
db. A peak was de tec ted  a t  11.7 mhz which exceeds t h e  spec. l i m i t  by 
about  12  db. 
The r a d i a t e d  measurements a t  t h e  15  mhz t o  400 mhz region was wi th in  
t h e  s p e c i f i c a t i o n  l i m i t s .  
TEST DATA 
Appendix B shows a l l  measured and p l o t t e d  d a t a .  
Descr ip t ion  o f  T e s t  Equipment 
I t e m  No. Descr ip t ion  Manufacturer 
1 Noise and F i e l d  I n t e n s i t y  Empire Devices 
Meter, inc luding  ve r t i ca l  
and Dipole Antennas 
2 LISN F i l t r o n  
3 LISN 
4 50 ohm termina t ion  H e w l e t t  Packard 
5 
I I  
11 11 II II II 
Model I . D .  # 
N.F. 105 2314 
FRS 701D 014413 
FRS 701D 014419 
908A 010338 
908A 010340 
6 M i l l  iohme t er S h a l l c r o s s  670A 016959 
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2.2 Sample C a l c u l a t i o n s  
2.2.1 I n t e r f e r e n c e  measuring equipmeut. NF 105 (41 inch rod antennal 
C a l c u l a t i o n  of t h e  i n t e r f e r e n c e  l e v e l  of t h e  broadband r a d i a t e d  meas: 
urement a t  2.0 mhz i s  as follows: I 
Antenna f a c t o r  (VA-105) 10 db 
Meter Cor rec t ion  Fac to r  (XF s u b s t i t u t i o n  
method) 
20 db 
Measured l e v e l  47 db/,uv/mhz 
I n t e r f e r e n c e  level = measured l e v e l  + MCP & Antenna Fac tor  
= 47 + 20 + 10 = 77 db/pv/mhz 
2.2.2 I n t e r f e r e n c e  Measuring Ecluipment, NF 105 (DM 105 T1 and T2 Antennas) 
C a l c u l a t i o n  of t h e  i n t e r f e r e n c e  l e v e l  of t h e  broadband r a d i a t e d  meas- 
urement u s ing  d i p o l e  DM 105 T1  antenna a t  100 mhz i s  a s  follows: 
Measured l e v e l  a t  100 mhz 32.0 db 
Cable l o s s  of 30 f t .  RG 55/U a t  100 mhz 1.3 db 
Mismatch of  72 ohm antenna t o  50 ohm c a b l e  1.7 db 
Open c i r c u i t  f a c t o r  (antenna induced) 6.0 db 
I n t e r f e r e n c e  l e v e l  = 32 db/pv/mhz + 1.3 + 1.7 + 6.0 
t 41 db/pv/mhz 
3. TEST CONDITIONS AND PROCEDURES 
3.1 Test Condit ion 
3.1.1 InDut Power Source 
The e l e c t r o s t a t i c  power supply was opera ted  from a v o l t a g e  source a t  
a nominal v o l t a g e  of 28 vdc wi th  an output  impedance of less than 
one (1) ohm. 
Method of  test  sample ope ra t ion  
The test sample was opera ted  i n  2 modes during t h e  EM1 tests. 
p o s i t i o n  2 and switch p o s i t i o n  4 provided an  output  vo l t age  of approx- 
imate ly  20 KV and 40 Kv, r e s p e c t i v e l y ,  t o  t h e  ion emitter. 
3.1.2 
Switch - 
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3.1.3 
3.2 
3.2.1 
3.2.2 
Bonding 
A d.c. resistance of 300 micro-ohms was measured between t h e  e l e c t r o -  
s t a t i c  power module base  p l a t e  and t h e  EM1 ground p lane  wi th  a Sha l l -  
c r o s s  mi l l iohmeter ,  model 670A. 
t a ined  by metal t o  metal con tac t  u s ing  "C" clamps, no a d d i t i o n a l  bond- 
ing  was r equ i r ed .  
Tes t  Procedures 
Conducted I n t e r f e r e n c e  Measurements using Line Impedance S t a b i l i z a t i o n  
Because a s a t i s f a c t o r y  bond was ob- 
Networks (LISN) 
Appendix A ,  f i g u r e  1, shows t h e  t y p i c a l  t e s t  conf igura t ion .  Conducted 
i n t e r f e r e n c e  measurements were performed by connecting the  s i g n a l  in -  
p u t  o f  t h e  NF 105 t o  t h e  LISN i n  t h e  p o s i t i v e  28 vdc input  power lead  
whi le  te rmina t ing  t h e  LISN i n  the  nega t ive  28 v o l t  d.c. c i r c u i t  wi th  
a 50 ohm load. 
set a t  t h e  20 KV and t h e  40 KV output  switch pos i t i on .  
S igna l  l e v e l s  were recorded wh i l e  t h e  p w e r  module was 
The tests were repea ted  a s  i n  above except t h a t  measurements were made 
by monitoring t h e  minus 28 v o l t  i npu t  power lead .  
s i g n a l  c i r c u i t  w a s  terminated i n  a 50 ohm load. 
Radiated I n t e r f e r e n c e  Measurements 
Appendix A,  f i g u r e  2, 3, and 4 show t h e  t y p i c a l  t es t  conf igu ra t ion .  
Radiated measurements were performed by connecting the  NF 105 s i g n a l  
i npu t  t o  a tuned antenna (41 inch rod antenna from 0.15 t o  30 mhz and 
tuned d ipo le s  from 30 t o  400 mhz) and p o s i t i o n i n g  t h e  antenna as spec i -  
f i e d  i n  MIL-I-6181D. S igna l  l e v e l s  were measured i n  t h e  t es t  frequency 
spectrum between 0.15 and 400 mhz a t  both t h e  20 KV and 40 KV output  
swi tch  s e t t i n g s  on t h e  e l e c t r o s t a t i c  power module. 
The LISN p o s i t i v e  
1 
Complete radiated i n t e r f r r w r  ~ ~ i u r a u e n t i  were repeated aa 8hvr 
a f t e r  the bleed cover war replaced and the prototype tabletop w88 
in r ta l led .  
3.2.3 General 
3.2.3.1 Interference Measuring Equiument Adiustment 
Broadband interference was measured with the NF 105 subst i tut ion tech- 
nique using the in te rna l  impulse generator. With the  NF 105 i n  peak 
detector  function, a reference level of the unknown interference was 
I 
set by the s igna l  input a t tenuator  and I.F. gain control. The impulse 
generator was then adjusted t o  match tha t  reference level.  The in te r -  
ference leve l  was read as the impulse generator output leve l  required 
to  match the  reference level.  
3.2.3.2 Frequency Selection 
The NF 105 was slowly tuned through the frequency range of each t e s t .  
The frequencies a t  which maximum interference was obtained were chosen 
as test  frequencies. 
4 .  TEST RESULTS 
4.1 Conducted Interference Measurements 
Conducted Interference Measurements using Line Impedance Stabi l izat ion 
Networks (LTSN) 
The measured data can be found i n  appendix B, pages 1 and 2; the plot ted 
data i n  Appendix B, f igure  5. 
# 
Measured interference leve ls  were well 
within the MIL-I-6181D specified l i m i t s .  
i n  both the negative and pos i t ive  28 v o l t  leads was 59 db/pv/mhz broad- 
The highest levels measured 
* 
c 
band interference. 
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4.2 Radiated I n t e r f e r e n c e  Measurements 
Broadband i n t e r f e r e n c e  was de tec ted  during r ad ia t ed  i n t e r f e r e n c e  meas- 
urements performed before  and a f t e r  t a b l e  and bleed cover modi f ica t ions .  
The measured d a t a  can be found i n  Appendix B,  pages 3, 4, 5, and 6 .  
The p l o t t e d  da t a  f o r  t hese  measurements can be found i n  Appendix B, 
f i g u r e s  6 and 7 .  The broadband i n t e r f e r e n c e  l e v e l s  measured from 15 mhz 
t o  400 mhz were accep tab le  i n  accordance wi th  t h e  MIL-I-6181D requ i r e -  
ments i n  both t h e  20 KV and 40 KV output  s e t t i n g s  of t h e  power module. 
Genera l ly ,  t h e  broadband i n t e r f e r e n c e  l i m i t s  of MU-I-6181D were ex- 
ceeded i n  t h e  0.15 t o  14 mhz range with t h e  20 KV output  f a l l i n g  wi th in  
s p e c i f i c a t i o n s  from 1.4 t o  4.0 mhz and 5 through 10 mhz range i n  the  
"pre-modified b leed  cover" mode. 
t es t  performed, us ing  t h e  modified bleed cover and pro to type  t a b l e ,  i n -  
t e r f e r e n c e  l e v e l s  increased  i n  both t h e  20 KV and 40 KV output  s e t t i n g s  
I n  t h e  second r ad ia t ed  i n t e r f e r e n c e  
from 0.15 t o  4.0 mhz only.  Improvement was noted from 14 t o  400 mhz. 
I n  a l l  cases, t h e  r ad ia t ed  i n t e r f e r e n c e  l e v e l s  dropped s i g n i f i c a n t l y  
a t  t h e  20 KV output  s e t t i n g  of t h e  power module. This condi t ion  was 
t h e  r e s u l t  o f  lower breakdown o r  corona producing l e v e l s .  The high 
peaks a t  approximately 4.5 rnhz and 11.7 mhz were accompanied by a low 
frequency tone  modulating these  RF frequencies .  Due t o  the n a t u r a l  
square  wave c h a r a c t e r i s t i c s  of a t r a n s i s t o r  switching power supply,  
harmonics were generated and seemed t o  r e sona te  a t  t h e  4.5 and 11.7 mhz 
frequencies .  Due t o  t h e  narrow band c h a r a c t e r i s t i c s  of t hese  peaks, 
t h e  levels f a l l  w i t h i n  the  narrow band requirements of MIL-I-6181D. 
4.3 Conolusions and Recommendations 
The performance c h a r a c t e r i s t i c s  of  t h e  g r a v i t y  s u b s t i t u t e  workbench 
i n  regard  t o  provid ing  a minimum amount o f  r ad ia t ed  i n t e r f e r e n c e  was 
A-6 
canr ide red  good'. 
involved, t h e  h igh  frequency spectrum noicle was favorably  low. 
Considering t h e  high vo l t ages  and corona c h a r a c t e r i s t i c s  
Low frequency spectrum r a d i a t e d  n o i s e  l e v e l s  were excess ive  from 0.15 mhz 
t o  4 mhz and a t  one p o i n t  near  11.7 mhz. 
u n i t s  by inco rpora t ing  a d d i t i o n a l  f i l t e r i n g  i n  the  minus ( 0 )  300 v o l t  
ou tpu t  l ead  w i t h i n  t h e  power module. 
This may be improved i n  f u t u r e  
Conducted i n t e r f e r e n c e  suppress ion  c h a r a c t e r i s t i c s  i n  t h e  nega t ive  and 
p o s i t i v e  28 v o l t  power l i n e s  were found t o  be very good. 
S ince  t h e  r a d i a t e d  i n t e r f e r e n c e  l e v e l  i s  a func t ion  of t h e  D.C. high 
v o l t a g e  output  of  t h e  power module, t h e  lowest ou tput  s e t t i n g s  cons i s -  
t e n t  w i th  g r a v i t y  s u b s t i t u t i o n  requirements should be used. 
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APPENDIX A 
TO THE 
ELECTROMAGNETIC INTERFERENCE TEST REPORT 
(COW IGURAT ION DIAGRAMS ) 
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Figure 1. Conducted Interference (LSN) Measurements Test 
Configuration (Frequency Spectrum 0.15 to 25 MHz) 
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Figure 2. Radiated Interference Measurements, Test Configuration, 
(Frequency Spectrum 0.15 to 400 MHz) 
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Figure 3. Antenna Configurations f o r  the Frequency Range 0.15 t o  30 MHz 
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Figure 4. Antenna Con?Iguration for Frequency Range 30 t o  1,OO MHz 
A-12 
APBEWIX B 
TO THE 
ELECTROMAGNET I C  INTERFERENCE TEST REPORT 
(TEST DATA) 
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Equipnent Tested : S/ 
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Date t f  Last Calibration: ate of Test: Type qf Test: 
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. 
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Interference Heamring Qui. 
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RFI DATA SHEET 
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1. Scope 
1.1 This document presents the test specifications and pro- 
cedures required t o  establish qualification of the Electrostatic Gravity 
Substitute Workbench (EGSW) for use in the Skylab Experiment M507. 
EGSW is intended t o  be installed on a "space-grid" wall, adjacent to 
the ward room in the crew quarters of the orbital workshop. This wall 
is a radial segment located between positions 3 and 4 and between NASA 
stations 2896.516 and 2975.050, 
The 
2.  APPLICABLE DOCUMENTS 
2.1 The following documents are either listed as references to 
indicate the primary sources used for preparation of this document, or 
form a part of this document by virtue of the applicability as specified 
herein. 
the tests shall apply. 
Unless otherwise indicated, the issue in effect on the date of 
SPECIFICATIONS 
Military 
MIL- E-5 272 
MIL-E-6051C 
Environmental Testing, Aeronautical and 
Associated Equipment, General Specification 
for. 
System Compatibility and Interference 
Control Requirements for Aircraft Equipment 
MIL-I-6181D Interference Control Requirements, Aircraft 
Equipment 
National Aeronautics and Space Administration (NASA) 
Not Numb e r ed Experiment General Specification for Hard- 
ware Development (Office of Manned Space 
F1 ight ) 
George C. Marshall Space Flight Center (MSFC) 
Not Re 1 ea s ed End Item Specification, Perfonnance/Design 
(Part I) Requirements, M507 Gravity Sub- 
stitution Workbench for Apollo Applications 
Program (AAP) 
Performance and Gesign Integration Require- 
ments for Cluster System/Apollo Applications 
Program, General Specification for 
B-6 
r 
George C. Marshall Space Flight Center (MSFC) continued 
ERD-M5 0 7 
MSFC-SPEC- 101 
STANDARDS 
Military 
MIL- STD- 8 1 OB 
PROCEDURES 
MSFC 
\ -
MSFC-PROC- 15 1 
PUBLICATIONS 
NASA 
NPC 200-2 
-
NHB 5300.5 
Experiment Requirements Document for Gravity 
Substitution Workbench (Experiment M507) 
Flammability Requirements and Test Procedures 
for Material in Gaseous Oxygen Environments 
Environmental Test Methods for Aerospace and 
Ground Equipment 
Contamination Control and Environmental 
Protection of Space Launch Vehicles 
Quality Program Provisions for Space System 
Contractors 
Apollo Applications Reliability and Quality 
Assurance Program Plan 
NHB 8080.3 Apollo Applications Test Requirements 
Manned Spaceflight Center (MSC) 
MSC-D-NA-0002 
MSFC -
IN-ASTN-AD-70-1 
5OM02442 
Procedure and Requirements for the Flamabil- 
ity and Offgassing Evaluation of Manned 
Spacecraft Nonmetallic Materials 
Preliminary Vibration, Acoustic, and Shock 
Specifications for Components on Saturn V 
Workshop 
A'IM Material Control for Contamination due to 
Outgassing 
(Copies of specifications, standards, procedures, and publications 
required in connection with qualification tests should be obtained 
from the Apollo Applications Program Office.) 
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3. REQUIREMENTS 
3.1 General. The EGSW shall be tested for qualification to t h e  
environmental levels specified in this document. 
hardware shall be identical in configuration to hardware used in flight 
and shall be subjected to testing identical to the acceptance tests 
performed on flight hardware prior to initiation of qualification test- 
ing. The assembly shall perform its intended operational functions 
during or after exposure to these environmental conditions. 
identified as the Qualification Unit shall be subjected to qualification 
testing as specified herein. Testing shall be conducted at the highest 
possible level of assembly. Lower level testing shall be completed 
prior to performance of tests on hardware at higher levels of assembly. 
Qualification test 
The EGSW 
3.2 Test conditions. - Unless otherwise specified herein or in 
the equipment specification, all tests and measurements shall be per- 
formed at 23 + 10 degrees Celsius (OC), 28.5 + - 4.5 inches of mercury 
(Hg), and 50 T - 30 percent relative humidity. 
3.3 Determination of failure. A specimen shall be considered 
as having failed the test if the specimen malfunctions (see para. 4.1) 
during or after any of the tests or reveals structural damage in post 
test inspection. All test failures shall be reported immediately to 
the experiment principal investigator and processed in accordance with 
paragraph 4.1. Nonconformances that occur during testing must be 
resolved before proceeding with previously planned, scheduled tests; 
however, specific tests aimed at resolving the anomaly may be conducted. 
3.4 Mounting of test specimen. - The test specimen shall be mounted 
in a manner simulating the actual mounting in the flight vehicle for all 
qualification tests. The Force Test Fixture shall be used for the 
Temperature, and Altitude Tests. For the Vibration Test, see para. 3,7. 
Mounting for the Electromagnetic Interference Test is described in 
Appendix 11, para. 4.2. 
3,5 Test Equipment - The test equipment specified herein, or 
equivalent, shall be provided for the performance of the required tests. 
The environmental test equipment shall be capable of producing and 
maintaining the required test conditions. All inspection, measuring, 
and test equipment shall be calibrated and maintained in accordance 
with Chrysler Corporation Space Division Procedure No. SD-1OH. 
Equipment Make and Model Serial No. 
Temp/Alt . Chamber Conrad FH-125-10-20 200394 
Vibration System MB c210 200384 
Accelerometer Endevco 2220 95 - 148 1B 
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Equipment 
Accelerometer 
Acce 1 eromet er 
Temperature Recorder 
Counter 
Multimeter 
Megohmeter 
Ammeter 
Electrostatic Voltmeter 
Force Test Fixture 
Make and Model 
Endevco 2220 
Endevco 2220 
Honeywell 
CMC 726B 
Simpson 260 
General Radio 1862-B 
Weston 931 
Singer ESH 
CCSD 
Serial No. 
95-1129B 
018355B 
2009224 
017541 
95 - 167 1B 
104672 
95 - 1135B 
945827 
N/ A 
Electromagnetic Interference peculiar.equipment - see Appendix 11. 
i 
. ,,f .... . 3.6 Test facilities. - Test facilities shall meet the require- 
ments of the individual qualification test procedure. 
3.7 Fixture for dynamic testing. - The fixture design shall 
minimize fixture response within the test frequency range. The fixture 
shall support the specimen in a manner simulating vehicle installation. 
The fixture design and specimen installation should be approved by a 
qualified dynamics engineer prior to the start of testing. 
3.8 Test responsibilities. - All tests shall be performed at 
the Michoud Assembly Facility by the Chrysler Corporation Space Division 
Test and Evaluation Laboratory. 
document shall be performed under the cognizance of the Project Super- 
visor for this program. 
The procedures as described in this 
3.9 Measurement tolerances. 
3.9.1 Electrical. - Unless otherwise specified, the electrical 
measurement tolerances shall be as follows: 
(a) Primary voltage: 
(b) Primary current: 
(c) Radio frequency (RF) power: 
(d) Carrier frequency: 
+0.5 - percent 
+5.0 percent 
+5.0 percent 
+0.5 - Megahertz (MHz) 
- 
- 
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+2.0 percent - (e) Time: 
3.9.2 Environmental. - Unless otherwise specified, the environ- 
mental measurement tolerances shall be as follows: 
+2. ooc - (a) Temperature: 
(b) Pressure: 
+5.0 percent (1) Atmospheric (ambient): - 
+lo. 0 percent - (2) Vacuum: 
(c) Time: 
(d) Vibration: 
+lo. 0 percent - 0.0 percent 
(1) Overall root mean square 
acceleration (grms) - +lo. 0 percent 
(2) Acceleration power spectral 
density (g2/Hz) (Based on 
analyzers having 25 Hz band- 
widths or less) +loo. 0 percent 
-30.0 percent 
(3) Sinusoidal acceleration +20.0 percent 
-10.0 percent 
(4) Frequency - +5.0 percent 
(5) Test duration +lo, 0 percent 
-0.0 percent 
3.10 Test sequence. - The test sequence shall be as follows: 
(a) Electromagnetic interference 
(b) Temperature 
(c) Altitude 
(d) Vibration 
3.11 Visual inspection. Prior to commencing and after completion 
of each qualification test, the EGSW hardware shall be visually inspected 
for completeness; physical defects such as warpage, discoloration, 
breakage, loose pieces, cracks, etc.; and setting and position of 
controls, fasteners, etc. If necessary, the test specimen shall be dis- 
assembled after testing is completed and inspected to determine margins 
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of safety and potential failure modes. 
) 
'... 
i 
? 
3.12 Log books. - Log books shall be maintained on the EGSW 
They shall contain qualification tests specified in this document. 
all data pertinent to visual inspections, functional tests, operating 
time, failures and their resolutions, and any other significant 
anomalies observed during this testing. 
3.13 Functional test requirements. Mechanical and electrical 
functional tests shall be conducted prior to and subsequent to each 
environmental test as required to determine the effects of the environ- 
ment upon those equipment parameters which could be affected by the 
test environment. The tests shall be identical to the corresponding 
functional testing portions of the end item acceptance test procedure 
for flight hardware. 
ducted prior to initiation of the qualification test shall be the base- 
line for comparison of performance during the qualification tests. 
Failure to pass the functional test requirements shall constitute failure 
(see para. 3.3) of the qualification test hardware. Functional test 
procedures shall be approved by the experiment principal investigator. 
The performance during the acceptance tests con- 
3.14 Cleanliness. - The internal and external surfaces of the 
experiment shall be cleaned in accordance with MSFC-SPEC-164. 
of cleanliness levels and environmental protection of external surfaces 
shall be in accordance with MSFC-PROC-151. 
Maintenance 
3.15 
'3.15.1 Electromagnetic interference. - The EGSW shall be subjected 
to electromagnetic interference testing in accordance with specification 
MIL-I-6181D. The test procedure shall be prepared and the tests per- 
formed by the Chrysler Corporation Space Division EM1 Unit personnel. 
Tests shall be performed to determine conducted interference,radiated 
interference, and susceptibility to conducted interference. 
Appendix I1 for test procedure.) 
Qualification test requirements and procedures. 
(See 
3.15.2 Temperature. - The EGSW shall be tested for resistance 
t o  temperature extremes over a long period of time as follows: 
(a )  Place the EGSW in a temperature chamber at ambient 
conditions in such a position that the heating or 
cooling medium will not impinge directly upon the test 
specimen during the tests. 
(b) At ambient conditions, connect the test setup and 
perform a functional test in accordance with Appendix I 
paragraph 3.3,1 & 3.3.2 and record data. 
(c) Lower the chamber temperature at a rate of lOoF each five 
( 5 )  minutes until the temperature has reached minus 
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continued 
50°F. 
specimen not operati-ng) at this temperature for a 
minimum of seventy-two (72 )  houts. 
Stabilize and maintain the chamber (test 
Return the chamber temperature to ambient conditions 
at the rate of 10°F each five (5) minutes and allow 
the EGSW to stabilize for a minimum of sixty ( 6 0 )  
minutes. Repeat the functional test as above and 
record data. 
Raise the chamber temperature at the rate of lOoF each 
five (5) minutes until the temperature has reached 
1.60°F. 
men not operating) at this temperature for a minimum 
of forty-eight (48) hours. Maintain a relative 
humidity of not more than 15 percent in the test 
chamber throughout the exposure period. 
Stabilize and maintain the chamber (test speci- 
Return the chamber temperature to ambient conditions 
at the rate Of 10°F each five (5) minutes and allow 
the EGSW to stabilize for a minimum of sixty ( 6 0 )  
minutes. Repeat the functional test as above and 
record data. 
Perform a visual inspection for any damage resulting 
from the test and document in detail any physical 
damage or change in functional performance. 
3.15.3 Altitude - The EGSW shall be tested for indications of 
changes in dielectric constant of materials, high voltage problems, 
decrease in heat transfer from the power supply, and other changes 
in operating characteristics in a low pressure environment as follows: 
(a) Place the assembly in an altitude chamber at ambient 
conditions. Connect the test setup and perform a 
functional test in accordance with Appendix I, para- 
graph 3.3.1 and 3.3.2 and record data. 
(b) During the altitude test, record but do not control 
the chamber internal temperature. The EGSW shall 
remain inoperative. Gradually reduce the chamber 
pressure to 10-4 mm of mercury and maintain for a 
minimum of 6 hours. 
(c) After the EGSW has been exposed f o r  the required time 
at minimum pressure, gradually increase the chamber pres- 
sure to 258 mm of mercury. 
i 
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Within one hour of  reaching t h i s  new cond i t ion ,  apply 
power t o  t h e  EGSW with t h e  vo l t age  s e l e c t o r  switch 
i n  p o s i t i o n  4 and monitor t h e  temperature of t he  
power supply by means of a thermocouple o r  o t h e r  tem- 
p e r a t u r e  sensor .  
power supply maximum ope ra t ing  temperature from being 
exceeded). 
(Make p rov i s ions  t o  prevent  t he  
After  one (1) hour of ope ra t ion  with power on, perform 
a func t iona l  t e s t  i n  accordance with Appendix I paragraph 
3.3.1 and 3.3.2 (except t h a t  t h e  t a b l e  o r i e n t a t i o n  
s h a l l  be checked i n  one p o s i t i o n  only) ,  a t  reduced 
p res su re  and record da ta .  Record t h e  power supply 
temperature.  
After completion of t h e  reduced p res su re  t e s t ,  t u r n  
o f f  t h e  EGSW power and gradual ly  r e t u r n  t h e  p re s su re  
chamber t o  ambient condi t ions.  
Within one (1) hour of reaching ambient condi t ions ,  
r epea t  t h e  func t iona l '  tes t  i n  accordance wi th  Appendix I 
paragraph 3.3.1 and 3.3.2 and record data .  
Perform a v i s u a l  inspec t ion  f o r  any damage r e s u l t i n g  
from t h e  t e s t  and record any evidence of a r c i n g  o r  
breakdown during exposure t o  reduced p res su re  o r  any 
change i n  functi-onal performance. 
3.15 .4  Vibra t ion  - The EGSW s h a l l  be t e s t e d  f o r  t h e  e f f e c t s  of 
v i b r a t i o n  on component p a r t s .  The EGSW s h a l l  remain inope ra t ive  (power 
o f f )  dur ing  v i b r a t i o n .  The v i b r a t i o n  tes t  s h a l l  be conducted i n  t h r e e  
p a r t s  and i n  t h e  sequence shown: 
1, Vehicle  Dynamics Test 
2. Sinusoida l  Evaluat ion Test 
3. Random Vibra t ion  Test 
Mount t h e  c o n t r o l  accelerometer(s) on t h e  t e s t  f i x t u r e  a t  t h e  p o i n t ( s )  
where t h e  specimen o r  suppor t ing  bracke t ry  a t t a c h e s  t o  t h e  tes t  f i x t u r e .  
(a) Mount t h e  EGSW on a r i g i d  f i x t u r e  capable  of 
o r i e n t i n g  t h e  t e s t  assembly re la t ive t o  t h e  appl ied  
force i n  t h e  axes  s p e c i f i e d  i n  Figure 2. 
f i x t u r e  on t h e  v i b r a t i o n  t a b l e  and perform a func t iona l  
test  on t h e  EGSW i n  accordance wi th  Appendix I para-  
graph 3.3.1 and record da ta .  
I n s t a l l  t h e  
(b) A t  t h e  conclusion of each pe r iod  of v i b r a t i o n  ( i n  each 
axis) r epea t  t h e  func t iona l  tes t  as above and record 
da ta .  Perform a v i s u a l  i n spec t ion  f o r  any damage r e s u l t -  
ing from the test and document any physical damage or 
change in functional performance. 
3.15.4.1 Vehicle Dynamics Criteria - Test levels are stated below. 
Sweep the specified frequency spectrum logarithmically at the rate of 
three (3) octaves per minute in the three axes at the following levels: 
Flight Axis 
3 to 7 Hz @ 0.43 inches D.A. displacement 
7 to 14 Hz @ 1.1 g's peak 
14 to 25 Hz @ 0.11 inches D.A. displacement 
25 to 60 Hz @ 3.6 g ' s  peak 
Lateral Axes 
2.0 to 4.0 Hz @ 0.34 inches D. A. displacement 
4.0 to 7.0 Hz @ 0.28 g ' s  peak 
7.0 to 20 Hz @ 0.08 g peak 
3.15.4.2 Sinusoidal Evaluation Criteria - Sweep the frequency 
spectrum logarithmically at the rate of one (1) octave per minute in the 
three axes at the following level: 
All Axes 
20 to 100 Hz @ 0.0020 inches D.A. displacement 
100 to 2000 Hz @ 1.0 g peak 
3.15.4.3 Lift-off Random Vibration Criteria - Impose the test levels 
listed below for one (1) minute per axis. 
F1 igh t Axis 
20 to 30 Hz (3 0.10 g2/Hz 
30 to 1000 HZ @ -3dB/oct 
1000 to 2000 Hz @ 0.0030g2/Hz Composite = 4.1 gms 
Tangential to Wall 
20 to 100 Hz @ 0.10g2/Hz 
100 to 2000 HZ (3 -3dB/oct 
2000 Hz @ 0.005g2/Hz 
i e "  
Composite = 6.2 g m s  
Perpendicular  t o  Wall 
20 t o  100 HZ @ -3dBj0ct 
i 
. ,  ... 
100 t o  2000 Hz @ 0.0060g2/Hz Composite = 3.5 grms 
3.15.4.4 Boost Random Vibra t ion  Criteria - Impose the  test l e v e l s  
l i s t e d  below f o r  two (2) minutes p e r  axis, 
F1 igh  t Axis 
20 t o  30 Hz @ 0.025g2/Nz 
30 t o  1000 HZ @ -3dB/oct 
1000 t o  2000 Hz @ 0.00070g2/Hz Composite = 1.9 grms 
Tangent ia l  t o  Wall 
20 t o  100 Hz @ 0.025g2/Hz 
2000 Hz @ 0.0012g2/Hz Composite = 3.1 grms 
Perpendicular  t o  Wall 
20 t o  2000 Hz @ 0.0075g2/Hz Composite = 3.9 grms 
3.15.4.5 Post-Vibrat ion Funct ional  Test  - Remove EGSW from v i b r a t i o n  
f i x t u r e ,  i n s t a l l  in Force Test F i x t u r e  and perform func t iona l  t e s t  i n  
accorda ice  wi th  Appendix I paragraph 3.3.1 and 3.3.2. 
4. QUALITY ASSURANCE PROVISIONS 
EGSW f a i l u r e s .  - A f a i l u r e  s h a l l  be  def ined as any -4.1 
occurrence which r e s u l t s  i n  t h e  i n a b i l i t y  of t h e  t e s t  apecimen t o  per-  
form i ts  requi red  func t ions  w i t h i n  s p e c i f i e d  l i m i t s  under t h e  con- 
d i t i o n s  and f o r  t h e  du ra t ion  s p e c i f i e d .  
fol lowing a c t i o n  s h a l l  be taken: 
I n  event of a f a i l u r e ,  t he  
(a) The test  s h a l l  be suspended and t h e  cause of t h e  f a i l u r e  
determined. 
(b) I f  t h e  f a i l u r e  is due t o  a component p a r t ,  t h e  p a r t  s h a l l  be 
rep laced  wi th  an  approved replacement. 
( c )  I f  t h e  f a i l u r e  is  due t o  marginal  adjustment,  t h e  equipment 
s h a l l  be  rea l igned  as required.  
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(d) When the cause of the failure is corrected, the test shall be 
resumed, repeating the portion of the test in progress when the failure 
occurred, or proceeding as specified by an authorized quality assurance 
inspection representative. 
previous test data, those tests shall be repeated. 
When the repair significantly influences 
4 . 2  Tolerances. - All tolerances 
paragraph 3 . 9 .  
4 . 3  Qualification test report. - 
fication tests, a qualification test report 
shall be as specified in 
Upon completion of the quali- 
shall be prepared. As a 
minimum the report -shall contain the foilowing: 
A running time log 
All pertinent test data 
A list of major test equipment used 
Calibration charts for the test systems used 
Referenced list of test procedures 
Irregularities (if applicable) 
Summary of inspection information 
Trouble and failure reports (if applicable) 
Evaluation of test data 
Comparison of results with objectives and design performance 
requirements. 
(k) Conclusions 
5. NOTES 
5 .1  Changes, deviations, or waivers. - Requests for changes, 
deviations, or waivers to the requirements of this document shall be 
submitted in writing to the Manufacturing Engineering Laboratory, 
Science and Engineering (S&E-ME-MX), George C. Marshall Space Flight 
Center (MSFC), Huntsville, Alabama, for approval. 
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APPENDIX I 
ACCEFTANCE TEST PROCEDURE FOR GRAVITY SUBSTITUTE 
WORKBENCH 
(ELECTROSTATIC) 
Approved: 
P r o j e c t  Superv i sor  I 
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1.0 REFERENCE DOCUMENTS 
The following documents s h a l l  be necessary when acceptance t e s t s  a re  per- 
formed on the supply. 
E lec t r ica l  Schematic 95M12026 
Electronic Assembly 99412019 
Electrostat ic  Workbench 
As s embly 95M12015 
2. INSPECTION INSTRUMENTS 
2.1 Insulation Resistance Tester 
MAKE: General Radio 
MODEL: 1862-C 
2.2 Electrostatic Voltmeter 
MAKE: Singer 
MODEL: ESH 
2.3 Volt-OHM-Milliammeter 
MAKE: Simpson 
MODEL: 260 
2.4 Load Resistors 
QUANTITY 
2 
2 
2.5 Power Supply 
MAKE: KEPCO 
MODEL: SM-36-5M 
2.6 Differential Voltmeter 
MAKE: FLUKE 
MODEL: 825 
MAKE 
IRC 
IRC 
MODEL 
MVQ 
MVT 
RESISTANCE 
3300 Megohms 
1 Megohm 
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3 .O TEST PROCFDURE 
Th i s  tes t  procedure covers  ope ra t ions  and tests which are t o  be performed 
dur ing  t h e  acceptance t e s t i n g .  
l o g i c a l  o rde r ,  a long with t h e  requirements f o r  acceptance.  All t e s t s  a r e  
a t  room temperature .  
The opera t ions  a r e  descr ibed i n  chrono- 
3 .1  Non Funct iona l  Operat ions 
3.1.1 
i l y  i d e n t i f i e d  wi th  t h e i r  r e fe rence  des igna t ions  as shown i n  Figure 1 and the  
t e s t  assembly marked with t h e  MSFC p a r t  number and ser ia l .  nmber .  
I d e n t i f i c a t i o n  - The switches and cable  connectors s h a l l  be temporar- 
3 .1 .2  
spec t  f o r  such i tems  as phys ica l  c h a r a c t e r i s t i c s ,  workmanship, f i n i s h  re -  
quirements and condi t ions  of p r o t e c t i v e  coa t ings .  
Visual Inspec t ion  - A v i s u a l  i n spec t ion  s h a l l  be performed t o  in-  
3.1.3 
and subassemblies r e q u i r e  c r i t i c a l  manufacturing in-process  in spec t ions  
t h a t  cannot be v e r i f i e d  dur ing  t h e  acceptance in spec t ions .  
cards  f o r  each i t e m  should be checked a t  t h i s  t ime t o  a s su re  a CCSD Q u a l i t y  
Control  Stamp and a Government Inspec t ion  Stamp. 
V e r i f i c a t i o n  of Manufacturing Processes  - The fol lowing l i s t e d  items 
The in spec t ion  
a )  High vol tage  capac i to r s ,  C13 through C40 
b)  High vol tage  d iodes ,  CR8 through CR35 
c )  
d )  High vol tage  cable  
e )  High Voltabe Module 
f )  Low Voltage Sec t ion  Assembly 
Transformers T1,  T2, T3, and T 4  
3 .2  
t e s t e d .  C l ip  l eads  may be used f o r  connection t o  t e rmina l  E l  and t o  t h e  
shank (NOT t i p )  of t h e  i o n  s o w c e .  
and P2. 
Funct iona l  Tests - Elec t ron ic  Assembly. This assembly s h a l l  b e  bench 
Mating connectors must be used wi th  J1 
3.2.1 E l e c t r i c a l  I s o l a t i o n  - Using an  i n s u l a t i o n  r e s i s t a n c e  t e s t e r ,  with 
a t e s t  vo l t age  of 100 vdc, measure t h e  i n s u l a t i o n  r e s i s t a n c e  between t h e  
fol lowing p o i n t s  with switch S1 on. 
P o s i t i v e  t e s t  poin t  Negative t e s t  po in t  
a )  P in  P2/A 
b) Pin P2/A 
c )  Pin J ~ / A  
d)  High vol tage  lead  
e )  High vol tage  l ead  
Terminal E l  
Case 
Case 
Case 
Terminal E l  
Y 
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Discharge a l l  inputs and outputs t o  t h e i r  respective returns .  
P2/C t o  P2/A 
Jl/A t o  E l  
High voltage lead t o  E l  
Repeat t he  above with reversed polar i ty  of t es t  voltage except for E l  t o  HV lead. @ 
Turn switch S1 off. 
Requirement: A l l  measurements s h a l l  be 50 megohms minimum. 
3.2.2 
meter t o  pin P2/A and the  negative polar i ty  lead t o  pin P2/C of the Elec- 
t ron ic  Assembly (power supply) under tes t .  
thanlOOKohms. Reverse the  connections, the reading s h a l l  be more than 
8.65K ohms, 
3.2.3 
( R 1  = 3300 megohms and R2 = 3300 megohms). 
(Vs) t o  24 2 .5 vdc. 
Determine t h a t  the t e s t  power supply i s  operating by noting presence of  
t he  following. 
Continuity Test - Connect the posi t ive polar i ty  lead of an ohm- 
The reading s h a l l  be more 
S tar t ing  Test - Connect the t e s t  power supply as shown i n  Figure 2 
Adjust the supply voltage 
Position switch S2 t o  posi t ion 1. Turn switch S1 on. 
a )  Input current (I ) 
b) 
c) 
Output Voltages TVm and VLO) 
Il lumination of  p i l o t  lamp DS-1 
Monitor t he  above with switch S2 i n  posi t ions 2, 3, and 4. Leave switch 
52 i n  posi t ion 4 and start the supply 25 times by turning switch S1 on, 
then o f f .  
Requirement: The supply s h a l l  s t a r t  each time as indicated by a, b, and 
c above. 
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3.2.4 Output Regula t ion  Tes t  
3.2.4.1 Output r e g u l a t i o n  tes t  a t  nominal supply vo l t age  - Connect t h e  
c i r c u i t  as  shown i n  F igure  2. 
v o l t s .  S e l e c t  s tandard  loading  of  R1  = 3300 megohms, R2 = 3300 megohms. 
Turn swi tch  S2 t o  p o s i t i o n  4. Turn switch S 1  t o  ON. Record the  elec- 
t r o s t a t i c  vo l tmeter  reading  (Vm) a t  t h e  .High Voltage output .  Record t h e  
low v o l t a g e  output  vo l tmeter  r ead ing  (VLO).  Record t h e  supply c u r r e n t  
milliammeter r ead ing  (Is). 
c u r r e n t  I H ~  f o r t h e  high v o l t a g e  output .  
Io = VHo/R1 + R2). 
eters when t h e  swi tch  S2 is turned success ive ly  t o  p o s i t i o n s  3 ,  2, and 1. 
Turn swi tch  S1  t o  OFF. 
making a complete record  of t h e  aforementioned parameters. 
Adjust  t h e  supply vo l t age  (V,) t o  28.0 +, .5 
(9 
Calcu la t e  t h e  va lues  of vo l t age  (VHO) and 
V H ~  = R 1  + R2 x Vm; 
R 1  
Also record  and c a l c u l a t e  va lues  of t h e  above param- 
Change t h e  load r e s i s t o r s  R 1  = 0.5 megohms, R2 = 0 e 
Requirement: For s tandard  load, V H ~ ,  and V L ~  s h a l l  be wi th in  l i m i t s  of 
Table 1. 1~~ s h a l l  n o t  exceed 1.0 mA. @) 
load (R1 = 0.5 megohms and R2 = 0) .  Adjust supply vo l t age  (V,) t o  @ 
3 . 2 . 4 . 2  Current  l i m i t i n g  c a p a b i l i t y  t es t  - Connect a hazard s imula t ion  
24 2 .5 v o l t s .  Turn S 2  t o  p o s i t i o n  4. Turn switch S1 t o  ON. Record, 
and c a l c u l a t e  d a t a  f o r  t h e  parameters V H ~ , ,  I H ~ ,  I ~ ,  and V L ~ .  Repeat t h e  
t es t  f o r  a l l  o t h e r  p o s i t i o n s  of S 2 .  
Repeat t h e  foregoing test  a t  supply volta.ge Vs = 34 v o l t s .  
Requirement: 1~~ s h a l l  no t  exceed 1.0 m i l l i a m p e r e s  f o r  any load o r  switch 
pos i t i on .  
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TABLE 1 
Switch S2 
Position 
4 
3 
2 
1 
Vo It age s 
40 4- 8 300 + 60 
30 T 6 300 7 60 
20 3 k 300 60 
10 2 2 300 ,+ 60 
3.2.5 
terminalE1.  
R2 = 3300 megs. 
S2 t o  pos i t ion  4. 
f o r  f i v e  (5) minuts. 
J l / A  t o  terminal E l .  
Requirement: 
outputs VL, and VHO s h a l l  be within 5% of those measured i n  3.2.4. 
Short Circui t  Test of Low Voltage Output - Connect pin J l / A  t o  
Adjust supply input voltage t o  28 v 2 .5. 
Set high voltage load r e s i s t o r s  t o  R 1  =3300 megs and 
Set switch 
Turn on switch S1. Allow the power supply t o  operate 
Turn off switch S1. Remove shorting lead from pin 
Turn on switch S1, record VL, and calculate V H ~ .  
The supply s h a l l  show no evidence of damage and value of the  
5 
3.2.6 Warm-up Voltage Drif t  - Connect c i r c u i t  a s  shown i n  Figure 2. 
Adjust supply voltage (V,) t o  28 2 .5 vdc. 
r e s i s t o r s  Rl”3300 megohms and R 2  = 3300 megohms. Turn switch S1 on. 
Record readings of e l e c t r o s t a t i c  voltmeter (h) and low voltage output 
voltage (VLO) f o r  each of the  posi t ions 1, 2, 3, and 4 of switch S2 
within the  f i rs t  two minutes of operation. 
t ion ,  record the new readings f o r  the  same parameters. 
@ Use t h e  normal values of load 
After one (1) hour of opera- 
Turn switch S1 
t o  OFF. Calculate VHo. Q o  = 2 x m. @ 
Requirement: 
cent of t h e  i n i t i a l  value, 
than ,+ 10 vol t s .  
The output voltage change of ( V H ~ )  s h a l l  be less  than 5 per- 
The output voltage change ( V h )  s h a l l  be less 
5 
43 
6% 
3.2.7 Input/Output Voltage Test - Connect the c i r c u i t  as shown in.Figure 
2. 
3300 megohms. ‘Turn switch S1 t o  ON. Then lower supply voltage Vs to 
22+.5 vdc and record the values of VS, V h ,  and VM fo r  each of the posi- 
t rons 1, 2, 3, and 4 of switch S2. Repeat the  above with the supply volt-  
age adjusted t o  &, 26, 28, 30, 32, and 34 v o l t s  2 .5 v. Reset voltage 
28 v and record r e su l t s .  Turn switch S l t o  OFF. 
condition. VHo = 2 x VM. 
Use t h s  normal values of load r e s i s t o r s  R 1  ~3300 megohms and R2 = 
Calculate VHO f o r  each 
Requirement: 
voltage of 22 t o  & vo l t s  o r  overvoltage of 32 t o  34 vo l t s  and s h a l l  per- 
form s a t i s f a c t o r i l y  upon r e tu rn  t o  normal voltage. 
The power supply s h a l l  not be damaged when exposed t o  under- 
B-2 5 
3.3 
be  conducted a f t e r  a l l  subassemblies of t h e  E l e c t r o s t a t i c  Workbench have been 
i n s t a l l e d  i n  the  Force Test F i x t u r e  a s  shown in Figure 3. 
Funct iona l  Tes t s  - E l e c t r o s t a t i c  Workbench - The following tests w i l l  
3.3.1 
Adjust  supply v o l t a g e  (V,) t o  28 v o l t s  5 .5. 
Locate e l e c t r o s t a t i c  vo l tmeter  probe i n  approximate cen te r  of t he  ion s h i e l d  
cover (between holes )  and i n  con tac t  w i th  i t .  Turn on switch S1 and allow ap- 
proximately one minute be fo re  reading  and record ing  the  e l e c t r o s t a t i c  f i e l d  
v o l t a g e  ( V f ) .  Repeat wi th  swi tch  S2 in p o s i t i o n s  2, 3, and 4,  each t i m e  a l -  
lowing approximately one minute between S2 p o s i t i o n  change and Vf reading. 
swi tch  S1 t o  OFF. 
E l e c t r o s t a t i c  Voltage Test - Connect c i r c u i t  as shown i n  F igure  4 .  
Turn switch S2 t o  p o s i t i o n  1. 
@ 
Turn 
Requirement : 
Switch S2 P o s i t i o n  
1 
2 
3 
4 
E l e c t r o s t a t i c  F ie ld  
Voltage (Min.) 
1.3 KV 
6.0 KV 
15.0 KV 
20.0 K v  
3.3.2 Elec t roadhes ive  Force Measurement - Connect c i r c u i t  as shown i n  F igure  
5. P o s i t i o n  switch S2 t o  p o s i t i o n  
4.  Turn on switch S1. A f t e r  approximately one minute, ze ro  out fo rce  meas- 
u r i n g  geometry wi th  tes t  d i s c  i n  con tac t  wi th  t a b l e  su r face .  Note d i s t a n c e  
r ead ing  "dol' f o r  t h i s  cond i t ion .  
leakage c u r r e n t  (IB), and power supply c u r r e n t  (IEs). 
and no te  d i s t a n c e  r ead ing  a t  breakaway of t e s t  d i s c  (dB). 
o f f  and reset appara tus  t o  ze ro .  
r e p e a t  t h i s  t es t  4 times. 
switch S2 p o s i t i o n s  3, 2, and 1, allowing approximately 5 minutes a f t e r  
swi tch ing  before  t a k i n g  readings .  
r e p e a t  a l l  of  t h e  above procedure. 
(D),  conver t  t o  fo rce ,  and c a l c u l a t e  average f o r  each swi tch  S2 p o s i t i o n .  
F i n a l l y  c a l c u l a t e  average of t h e  two t a b l e  loca t ions  f o r  each switch S2 pos i -  
t ion .  
Adjust  supply v o l t a g e  t o  28 v o l t s  t .5 v.  
Record readings  of t a b l e  c u r r e n t  (IT),  
Energize motor swi tch  
Turn motor swi tch  
A t  i n t e r v a l s  of approximately 5 minutes, 
Dupl ica te  t h e  above procedure f o r  each of t h e  
Ro ta t e  the  t a b l e  approximately 180' and 
Ca lcu la t e  t he  n e t  suppor t  po in t  t r a v e l  
Requirement: 
n o t  be less than 
The average f o r c e  measurement f o r  each of t h e  S2 pos i t i ons  s h a l l  
S2 p o s i t i o n  
4 
3 
2 
1 
Average 
Force-grams 
11 .o 
8.0 
3.0 
No requirement 
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ELECTRICAL ISOLATION TEST 
REF. PARA. 3.2.1 
- - -. .- .- -_ _. ..__ ._ . _ _ _ .  
POSITIVE I NEGATIVE READING 
'7 -.- - -.. . 
TEST POINT (MEKlOHMS) 
. ?  .~ . . . . __.__ _.. . 
TEST POINT 
._-- ._ -.- - ---- ~ _. _. .____ _ _  . . . -. . . -+.- .- - .- _- . _ _  . - - . _. - 
j E l  
i 
P2/A 
P2 A CASE ' 
! 
CASE I J1 A 
HIGH VOLT LEAD 
HIGH VOLT LEAD 
E l  
C A S E  
CASE 
CASE 
--___ . .,. 
INSTRUMEWS: 
INSTRUMENT 
INSULATION 
RES TESTER 
. - _. t 
CASE 
E l  
MAKE MODEL 
. -  . _  . .  . - .  
SEXUAL 
c .  
I 
. -  
DATA SHEET NO. 
DATE OF TEST 
TEST BY 
UNIT 
50 MINIMUM 
i 
I . . - . 
/ .    SE L B/T NO 1 
_ .  - - . . . . . .  . .   ., .   
I 
. . . 4 _ .  ~ ... _-.. _. - .~  ~ .. . . .  i ! 
I 
I 
DATA SHEET NO. 
CONTINUITY TEST 
RR?. PARA. 3.2.2 
DATE OF TEST 
TEST BY 
UNIT 
. .. 
I 
I POSITIVE 
i TEST POINT 
I 
I --- 
P2/A 
I P2/C 
INSTRUMENT 
INSTRUMEW 
OHMMETER 
NEGATIVE 
TEST POINT 
P2/C 
P2/A 
- _  
MAm MODEL SERIAL B/T NO 
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' I  
STARTING TEST 
REF. PARA. 3.2.3 
WSITION 
SWITCH S-2 
1 
2 
3 
4 
SUPPLY STARTED 
I 
. ._ . 
5 10 
INSTRUMENTS 
t 
f INSTRUMENT 
MILLIAMMETER 
..- _. - . 
VOLTMETER v, 
I 
. 4 
15 20 25 TIMES 
MAKE MODEL 
1 -. _. -- 
VOLTMETER VL, 
VOLTMETER VM ! 
DATA SHEET NO. 
DATE OF TEST 
TEST BY 
SERIAL 1 B/T NO 
i i 
1 
i 
I 
1 
I 
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DATA SHEET NO. B 
OUTPUT REGULATION 
REF. PARA. 3.2.4 ( S a  positions 4 ,  3 ,  2 ti 1) 
DATE OF TEST 
TEST BY 
UNIT 
b 
1 
OUTPUT REGULATION 
REF. PARA. 3.2.4 (S2 positions 2 & 1) 
- 
- - . _ _ - - -  
DATA SHEET NO. 
DATE OF TEST 
TEST BY 
UNIT 
BLANK PAGE 
R-77 
DATA SHEET NO. 
SWITCH 
POSITION 
s2 
1 
2 
3 
4 
DATE OF TEST 
! INITIAL REF. 3.2.4 VY, 
I 
I N I T I A L R E F .  3.2.4 1 
+5% -5% vm VHo ' VHo +5% -5%l V I 0  
i 
I 
! I 
LOW VOLTAGE SHORT CIRCUIT 
REF. PARA. 3.2.5 
INSTRUMENT MAKE MODEL 
VOLTMETER Vm 
v o L m E r m  vLo 
TEST BY 
UNIT 
SERIAL B/T NO. 
INSTRUMENTS 
B-38 
DATA SHEET NO. 
WARM UP VOLTAGE DRIFT 
REF. PARA. 3.2.6 
I 
I s2 
j SWITCH 
I SETTING 
-c 
1 
2 
3 
r, 
-- 
DATE OF TEST 
TEST EY 
U N I T  
I 
VHo I VI,~ I 
(KV)  ' ( V I  
DRIFT 
--- 
i L 
I 
i 
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DATA SHEET NO. 
INFUT VS OUTPUT TEST 
'REF. PARA. 3.2.7 
I N P U T  
VS 
( V I  
I - - -  - I 
22 I 
! 
t 
2 4 '  
26 
I 
28 
30 
32 . 
; 
SWITCH 52 
P O S I T I O N  
34 f 
t--+-- 1 
._  
1 
2. 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
. ... 
1 
i 
. 
1 
i 
1 
OUTPUT VOLTAGE 
HIGH 
. 
DATE OF TEST 
TEST BY 
U N I T  
- . -  : 
- - .  
I -  
DATA SHEET NO.  
. - . . . -. . 
INSTRUMENT 
. -,. - . . .- . 
EfiECTROSTATIC VOLTAGE TEST 
Ref. Para. 3.3.1 
. . . .  - . .  I 
MAKE * MODEL 
-7.. - '  ': - . I =.-.-:.:-.. .. -.. 
I 
SWITCH 52 
POSITION I 
.. . .. 
1 
_ .  - . .... _- , . 
ELECTROSTATIC 
FIELD VOLTAGE 1 
! 
1 
. .  . 
DATE OF TEST 
TEST By 
UNIT 
M I N .  
REQUIRE3ENT ' 
---b . .-, . . .  
: 
i 
I 
-. _ _  . . 
I 
4 
. - . - ... . . . .- . . , . . 
INSTRUMENT 
i 
1 i 
I 
1 .  
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i 
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H 
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H 
Y 
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w 
r3 
4 
h 
H 
ELECTROADHESIVE FORCE MEASUREXENT 
Ref. Para. 3.3.2 
--r------ 
DATA SHEET NO. 
DATE OF TEST 
TEST BY 
UNIT 
1 
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DATA SHEET NO. 
'! 
I 
c 
ELECTROADHESIVE FORCE MEISURmT (CONTINUED) 
Ref. Para. 3 .3 .2  
N 
DATE OF TEST 
TEST BY 
U N I T  
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APPENDIX I1 
ELECTROMAGNETIC INTERFERENCE TEST PLAN 
FOR THE GRAVITY SUBSTITUTE WORKBENCH (ELECTROSTATIC) 
Approved: 
Project Supervisor 
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1 
1 . 1. 
2 
INTRODUCTION 
Scope 
This Electromagnetic I n t e r f e r e n c e  (EMI) Test Plan desc r ibes  t h e  tests,  
s p e c i f i e d  by MIL-I-6181D ( reference  11, t o  be  performed on t h e  Gravity 
S u b s t i t u t e  Workbench ( E l e c t r o s t a t i c ) .  D e t a i l s  of t h e  test  configura- 
t i o n  and procedures w i l l  be included i n  t h e  f i n a l  tes t  r epor t .  
TEST EQUIPMENT 
The tes t  equipment, o r  equiva len t ,  l i s t e d  i n  t a b l e  1, w i l l  be used t o  
perform t h e  r equ i r ed  tests. 
Table 1. Test Equipment 
3 
3.1 
Nomenclature Manufacturer Model No. S e r i a l  No. 
Noise and F ie ld  
I n t e n s i t y  Meter 
Line  Impedance 
S t a b i l i z a t i o n  
Network 
M i l  1 iamme ter  
I s o l a t i o n  
Transformer 
Switch DPDT 
Power Supply 
(0 t o  40 V) 
E 1 ec t r o  s t a  t i c  
Vo 1 t m e  ter 
M i l l  iohmeter 
Emp ire NF-105 2314 
F i l t r o n  FSB70 1 D  None 
Sens i t  i v e  Univers i ty  945827 
Research 
S o l a r  E l e c t r o n i c s  6220-1 None 
Harrison 802B 1952 
Singer  ESH 945 93 1 
Sha 1 l c r o  s s 670-A 32779 
TEST EQUIPMENT ADJUSTMENT 
I n t e r f e r e n c e  Measurinn Equipment 
B-46 
I 
3.1.1 NF-105 Noise and F ie ld  I n t e n s i t y  Meter 
The NF-105 Noise and F i e l d  I n t e n s i t y  Meter s h a l l  be ad jus t ed  us ing  t h e  
i n t e r n a l  impulse genera tor .  'Jthe v i s u a l  s u b s t i t u t i o n  method s h a l l  be  
used i n  determining t h e  magnitude of t h e  generated n o i s e  wi th  t h e  
func t ion  swi tch  i n  PEAK DETECTOR pos i t i on .  
4. TEST CONDITIONS 
4.1 Temp era t u r  e 
The EM1 tests s h a l l  be performed a t  a c o n t r o l l e d  temperature of 70 
(+5I0F. 
4.2 Mounting 
The Workbench kssembly w i l l  be s e c u r e l y  mounted i n  i t s  normal s p a t i a l  
r e l a t i o n s h i p  and e f f e c t i v e l y  bonded t o  t h e  copper ground p lane  i n  t h e  
Engineering Laboratory Screen Room. 
4.3 Conf igura t ion  
The Workbench Assembly w i l l  be i n  accordance wi th  manufacturing draw- 
i n g  95M12015. 
4.4 Test Sample Parameters 
The inpu t  c u r r e n t  and t h e  h igh  vo l t age  output  (as  evidenced by t h e  
Appendix I para.  3.3.1 E l e c t r o s t a t i c  Voltage Tes t )  w i l l  be recorded 
j u s t  p r i o r  t o  any EM1 t e s t i n g .  The measurement w i l l  be made on t h e  
#2 and #4 s e l e c t o r  switch s e t t i n g s .  
B-47 
4.5 
4 .6  
4.7 
Iso lat ion 
All signal  inputs to  the measuring equipment shal l  be isolated from 
the ac power ground. 
Input Power 
The Workbench Assembly shal l  have an input voltage of  28.0 VM: 22% 
during a l l  EM1 tests. 
High VoltaRe Output Ranges 
A l l  EM1 t e s t s  w i l l  be performed on the 20 KV range, then repeated 
on the 40 KV range. 
5 
5.1 
5.2 
5.3 
6 
6 .1  
6.2 
ANTICIPATED INTERFERENCE 
Conducted Broadband Interference 
Conducted broadband interference or iginat ing i n  the high voltage 
power supply of the Workbench Assembly i s  anticipated on the input 
power leads over the  frequency range from 0.15 t o  25 MHZ. 
Radiated Broadband Interference 
Radiated broadband interference emanating from the test  sample i s  
ant ic ipated over the frequency range from 115 t o  400 MHZ. 
Continuous Wave ( C W )  Interference 
No CW interference i s  ant ic ipated.  
ENI TESTS 
Conducted Interference (Broadband Measurements) 
The conducted interference t e s t  w i l l  be performed on the Workbench 
Assembly Electronic Assembly input leads as specified i n  paragraph 
6.1.1. 
quency spectrum from 0.15 t o  25 MHZ. 
Line Impedance S tab i l iza t ion  Network Measurements ( f igure 1) 
The l i n e  impedance s t ab i l i za t ion  networks (LSN) w i l l  be inser ted 
i n  each leg  ( (-) and (+) 28 VDC) of t h e  power input t o  t h e  Elec- 
t ron ic  Assembly. 
coaxial  cable t o  t he  plus 28 VDC E N .  
with t h e  NF-105 connected t o  the 28 V common LSN. 
Radiated Interference Measurements (Broadband) ( f igure 21 
The radiated interference test  s h a l l  be conducted on the  Workbench 
Assembly over the frequency range between 0.15 t o  400 MHZ. 
NF-105 will be used with three  plug-in tuning units t o  cover the  
Measurements w i l l  be made with the NF-105 across the fre-  
6.1.1 
The NF-105 i s  connected through a double-shielded 
Measurements a re  repeated 
The 
c B-49 
6.3 
6.4 
test  frequency spectrum. The r a d i a t e d  i n t e r f e r e n c e  tes t  conf igura-  
t i o n  is shown i n  f i g u r e  2 ,  
spectrum between 0.15 and 30 PlMz is  shown i n  f i g u r e  3, and t h e  t es t  
c o n f i g u r a t i o n  f o r  t h e  frequency spectrum between 30 and 400 MHz i s  
shown in f i g u r e  4 .  Paragraph 6.3 ca t egor i zes  t h e  frequency range and 
t h e  type  of antenna requi red .  The antenna system is connected i n  ac- 
cordance wi th  f i g u r e s  3 o r  4 ,  a s  a p p l i c a b l e , . o p p o s i t e  t h e  c e n t e r  of 
t h e  Workbench Assembly. I n  f i g u r e s  3 and 4,  t h e  e l e c t r i c a l  bond be- 
tween t h e  NF-105 and t h e  ground p lane  is  omitted u n t i l  t h e  following 
s t e p s  a r e  completed: 
The t e s t  conf igu ra t ion  f o r  t he  frequency 
a .  
b. 
C.  
The f u l l  frequency range of t h e  lowest tun ing  band is scanned 
f o r  t h e  frequency of t h e  maximum in t e r f e rence .  
The antenna is moved i n  a h o r i z o n t a l  p o s i t i o n  u n t i l  a maximum 
read ing  i s  obta ined ,  except t h a t  a d i p o l e  antenna wi th  dimen- 
s i o n s  longer than  t h e  t es t  sample s h a l l  be  placed oppos i t e  t h e  
c e n t e r  of t h e  sample.  
The NF-105 is then bonded, e l e c t r i c a l l y ,  through a copper ground 
s t r a p  t o  t h e  ground plane. 
Frequency Antennas 
0.15 - 25 MHz 41-Inch Rod 
25 - 35 MHz 35 MHz Dipole 
35 - 1000 MHZ Tunable Dipole 
D. C. Bonding Measurement 
A D. C. Bonding measurement w i l l  be made between t h e  c a s e  of t h e  
E l e c t r o n i c  Assembly and t h e  mounting s t r u c t u r e  of the Workbench 
B-50 
I '., 
I 
i 
7 
Assembly i n  accordance with MIL-B-50873. 
I'EXFORMING PERSONNEL AND TEST USCATION 
The complete BlI t e s t  on t h e  Workbench Assembly, i n  accordance 
wi th  MIL-I-6181D, w i l l  be performed by Chrysler Corporation Space 
Div is ion  (CCSD) q u a l i f i e d  personnel  i n  t h e  sh ie lded  enclosure 
loca ted  i n  the  EMI Laboratory a t  Michoud. 
under con t ro l l ed  condi t ions ,  with minimum personnel a c t i v i t y  
t h e r e i n  dur ing  t e s t .  
Tes ts  will be performed 
The sh ie lded  enc losure  i s  a double-shielded,electromagnetic en- 
c losure  which was c e r t i f i e d  by t h e  Shie ld ing  Divis ion of 
Sh ie ld t ron ,  I n c .  on November 18, 1963. C e r t i f i c a t i o n  was wit- 
nessed by CCSD E;MI personnel  and a NASA Q u a l i t y  Control represen- 
t a t i v e .  
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Figure 1. Conducted Interference (LSN) Measurements Test 
Configuration (Frequency Spectrum 0.15 to 25 MHz) 
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Figure 2. Radiated Interference Measurements, Test Configuration, 
(Frequency Spectrum 0.15 to 400 MHz) 
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Figure 3. Antenna Configurations for the Frequency Range 0.15 to 30 MHz 
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Figure 4. Antenna Configuration f o r  Frequency Range 30 t o  400 Wz 
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APPENDIX A - REF 'EENCES 
1. MIL-I-6181D, Interference Control Requirements 
2. MIL-B-5087B, E l e c t r i c a l  Bonding 
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APPENDIX C 
QUALITY CONTROL INSTRUCTIONS 
FOR AN 
ELECTROSTATIC GRAVITY SUBSTITUTE WORKBENCH 
(QUALIFICATION TEST) 
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